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CHAPTER I 
INTRODUCTION 
The degree of filtration required to protect current hydraulic sys-
tems is becoming more and more critical. Higher system pressure and 
greater complexity both demand more protection from abrasive contaminants. 
Excluding catastrophic failure due to fatigue, overpressurizations, etc., 
the service life of most hydraulic components can be related directly to 
the amount of contamination entrained in the circulating fluid. 
From a hydraulic system designers viewpoint the filter requirement 
can be simply stated as a filter which will provide adequate protection 
from particulate contaminants for a designated length of time with mini-
mum pressure differential or flow restriction. From the filter manufac-
turers viewpoint this means that continual improvements must be made in 
the filter's particle separation characteristics as well as the contami-
nant capacity and pressure drop versus flow performance. It, therefore, 
becomes increasingly important to study the effects of all operating and 
design parameters on the performance of hydraulic filters for current as 
well as future applications. 
It is well known that electrostatic forces play a significant role 
in the filtration of aerosols. In fact, the electrostatic precipitator 
relies entirely upon this phenomenonon. Only recently, however, has it 
been realized that under certain conditions, electrostatic forces can 
significantly alter the separation performance of a hydraulic fluid 
filter. 
1 
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The passage of hydrocarbons through microporous media (filters) can 
result in the generation of static electricity. This is attributed to 
the presence of ions in the fluid which separate into positive and nega-
tive charges. Since hydrocarbon liquids are generally poor conductors 
of electricity, such charges tend to accumulate as long as fluid move-
ment continues. The flow of electricity produced by the capture (or 
loss) of electrons is commonly called streaming current. This streaming 
current and resulting charge has been recognized in fuel filtration sys-
tems as the cause of many accidental explosions due to electrical dis-
charges in the atmosphere (1, 2). 
The electrostatic charge which may build up in a filtered hydraulic 
system may have a definite effect upon the ability of the filter to 
separate and retain particulate contaminant'. Conditions encountered 
in many fibrous filters are such that electrostatic forces may be a 
dominant factor in the removal of particles especially for particle 
sizes in the range at and below the effective filter pore size. The 
charge generation rate for fuels has been shown to be a function of the 
fluid properties, filter properties and flow rate. 
Static electricity generation in hydraulic systems has been visually 
recognized by the author either by sparks from or within a filter housing 
or a drop of oil which falls in an arc toward the filter housing. This 
phenomenon has generally occurred when testing fine filter elements with 
housing bodies made of plastic or electrical insultating materials. 
However, recent tests witnessed at various laboratories indicated that 
charging may occur under a number of conditions espcially with low rela-
tive humidity in the surrounding environment. The results from these 
tests certainly implied that this static charge has a definite influertce 
upon the separation characteristics of a filter. 
Because of these discoveries, this research effort was undertaken 
to investigate the static charge phehomenon and its influence upon the 
filtration of hydraulic fluids. In specific, the areas investigated 
J 
included static charge generation and charge accumulation in a hydraulic 
system environment. A generalized mathematical model for predicting 
electrostatic charge accumulation and relaxation in a hydraulic system 
was developed and verified. In addition, models for the particle separa-
tion performance characteristics of hydraulic filters including the 
influence of static charge were also developed and empirically verified. 
The remainder Of this dissertation presents and discusses the 
results of the total research program. The following chapters reviews 
previous related investigations in the areas of static charge generation, 
charge relaxation, and filtration performance modeling. Chapter III 
presents the development of models for predicting static charge accumula-
tion and filtration performance as a function of charge level and other 
parameters. Chapters IV and V delineate the results of experimental 
programs to verify the charge accumulation and filter performance models, 
respectively. Finally, the remaining Chapters VI and VILdiscuss applica-
tions of the research to current problems and present a summary and con-
clusions for the research effort. The Appendices contain detailed 
descriptions of the test facilities and procedures as well as a selected 
experimental data. 
CHAPTER II 
RELATED INVESTIGATIONS 
An extensive literature survey has revealed that a number of inves-
tigations have been conducted relative to static charge generation in 
fuel systems. These studies have generally been concerned with charge 
accumulation from a safety standpoint. Only a few technical works have 
been published relative to the charge resulting from the flow of a hydro-
carbon fluid through a microporous filter. None of the investigations 
found, however, have been ccncerned with hydraulic fluids. The litera-
ture is almost completely void of investigations relating to static 
charge effects on particle capture and retention in hydrocarbon fluids. 
Electrostatic Charge Generation 
The charging process in a hydrocarbon fluid system actually begins 
before the fluid is in motion. At the interface between the liquid and 
the solid boundary, an uneven distribution of ions is observed. The 
solid phase (in this case, the pipe wall or filter pore surface) will 
carry a net charge of one polarity and the liquid phase will contain an 
equal but opposite charge. This is the concept of the electric double 
layer (1). A strictly non-ionic liquid would have the properties of an 
insulator. Ultra-pure hydrocarbons approach this category, however, 
even minute traces of contaminants can significantly alter this property. 
The streaming current is generated as the fluid flows past the solid 
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boundary picking up electrical charge from the double layer area. Since 
filters present a tremendous amount of surface area in wbich this charge 
separation can occur, they constitute a major source of electrostatic 
charge generation. Klinkenberg (1) utilized the classic work of Helmholz 
to evaluate the streaming current in an insulating tube. This develop-
ment assumes that the double layer is thin relative to the pipe diameter 
and thus is not particularly suited for prediction of streaming current 
generated in microcapillaries. Other investigators (J; ~) have studied 
flow in microcapillaries and have removed the restriction concerning the 
relatively small double layer thickness. These authors, however, have 
not considered the problem of low fluid conductivity or tortuous passage 
hydrodynamics. 
The conductivity, K, of the fluid (the inverse of resistivity) is a 
measure of the discharge time of a capacitor which uses the fluid as a 
dielectric. The units of conductivity 1 mho are Ohm m or ---;---· A very pure 
hydrocarbon may have a conductivity of 10-J > K > 10-13 mho/m; superpure 
10- 15 > K; however, a fluid with ionic additives would be expected to 
yield a much larger value. An often used quantity which depends most 
heavily upon fluid conductivity is relaxation time, r, which is defined 
as: 
c t 
0 
K 
where: 
t dielectric constant of the liquid 
e = absolute dielectric constant of a vacuum 
0 
(2-1) 
One of the first reported studies dealing with charge generation 
during hydrocarbon flow through a microporous filter was reported by 
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Gavis and Wagner (5) in 1968. They conducted a number of experiments 
then developed expressions empirically, based upon ideas drawn from 
theory. They utilized n-heptane fluid doped with various amounts of an 
ionizing additive to control the conductivity. The test filters were 
various types of Millipore m.embrane disks. Their test results indicated 
the polarity of the charge generated was a function of the mechanical 
properties. The describing relationship they developed can be expressed 
as: 
I 
s 
2 X 10-4 d Af PFC (v'T)1.75 
0 d 
where: 
I = streaming current, amp 
s 
d = nominsl pore diameter, m 
Af filter area, m2 
P filter porosity (void volume/total volume) 
F = Faraday constant 
C = original total ion concentration in liquid, mol/m3 
0 
v = superficial flow velocity, or volume flow rate per total 
cross-sectional area, m/sec 
for V'T < 5 X 10-J. 
d 
(2-2) 
The term, vr/d, rewritten as v/ (d/'T) is the ratio of the convective 
velocity to conductive velocity of ionic movement. They determined C0 
experimentally from the conductivity, K, and an empirical estimate of 
ion mobility. They concluded that current generated was independent of 
the ratio of pore length to diameter and that the charging rate should 
be independent of the structure of the microporous medium. 
Another pertinent study was conducted by Leonard and Carhart (6) 
on the effect of conductivity on charge generation in hydrocarbon fuel$ 
flowing through fiber glass filters. They utilized JP-4 and JP-~ jet 
fuel with various amounts of conductivity improver additives. Their 
results showed that the magnitude of the streaming currents developed 
increased to a maximum then decreased as conductivity was increased. 
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Experimentally, they determined that for a given filter and fluid, the 
current developed increased with increasing flow rate. This is in agree-
ment with the work previously conducted by Gavis and Wagner. 
Lauer and Antal (7) conducted an investigation of charge generation 
of several hydrocarbons flowing through low conductivity filter media. 
They found for zylene flowing through teflon media that streaming current 
was found to be linearily proportional to flow velocity and increased 
with decreasing pore size. Among other things, they confirmed some of 
the previous conclusions of Gavis and Wagner (5). 
Probably the most pertinent study to date was conducted by Huber 
and Sonin (8) in which they considered the flow of n-heptane doped with 
anti-static additive through microporous disk filters. Their experiments 
were conducted in a similar manner to those by Gavis and Wagner (5); 
however, their theory was derived in a generalized nature. They con-
cluded (9) that the equations developed by Gavis and Wagner should not 
be interpreted as having general validity and that the correlation estab-
lished between streaming current, filter pore radius and fluid conductiv-
ity is in error. Huber and Sonin's theory considered a fixed charge 
which is adsorbed on the interior surfaces of the porous filter. 
Previous investigators had omitted this phenomena. Huber and Sonin's 
governing equation for high fixed charge density (8) is the following: 
8 
2 
zf Af 2 e t v J 
---[.!._ vhK + F(t ) o 
£ P u a u (2-J) 
0 
where: 
zf sign of filter's·fixed charge (±1) 
equivalent electrode separation, i 
0 
T = tortuosity of filter pores 
h filter medium thickness, m 
u mobility of ion (with sign opposite to that of filters fixed 
F(ta) 
2 
charge) m /volt sec. 
dimensionless function of t given by Equation (17) of 
a 
Reference ( 8). 
t = transport number of that ion species in fluid which has charge 
a 
of polarity opposite to that of the fixed charge associated 
with the filter. 
R total electrical resistance of fluid between electrodes. 
0 
Huber and Sonin's experiments (10) as well as those conducted by Gavis 
and Wagner correlate extremely well with the theory of Huber and Sonin. 
An important result of Huber and Sonin's studies is that the streaming 
current is not dependent upon filter pore size nor on fluid conductivity 
K alone; but Is depends upon the equivalent electrode spacing which 
includes the resistance of the fluid between the measuring electrodes. 
Charge R~laxation 
Because of the recirculating nature of hydraulic systems, it is 
necessary to consider the relaxation or dissipation characteristics of 
electrostatic charge in hydraulic fluids. In general, the charge that 
has been entrained in a liquid will dissipate when the source of the 
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charge is removed. The relaxation of charge for a stationary fluid was 
reviewed by such investigators as Klinkenberg (1), Winter (11), and 
Agnew (12) who concluded that the relaxation is governed by an exponen-
tial law that is dependent upon the initial fluid charge and the fluid 
relaxation time constant. Vallenga and Klinkenberg (13) and Carruthers 
and Marsh (14) continued the analysis for a fluid flowing through pipes. 
For a fluid at rest, all investigators mentioned above conclude 
that the charge decay can be described by the following equation: 
where: 
ds 
dt 
s 
T 
s = electrical charge density per unit fluid volume, c/m3 
T = fluid relaxation time, sec. = t t /K 
0 
(2-4) 
Equation (2-4) is based upon the assumption that transport of charge by 
diffusion or convection can be ignored. The equation is derived from 
Ohm's Law which requires the above assumption. Diffusion and convection 
should be included for an accurate description; however, diffusion effects 
only become important in small laboratory apparatus or very near an 
interface where large concentration gradients occur so that in full 
scale equipment the contribution of diffusion can be ignored (15). For 
a fluid in motion, convection effects can be eliminated by letting the 
elemental volume of charge "ds" move along with the liquid (13). This 
corresponds to the Lagrangian description of motion in hydrodynamics. 
Equation (2-4) then becomes the governing relationship for the discharge 
or relaxation of electrically charged hydrocarbon liquids. 
Winter (11) and later Vallenga and Klinkenberg (13) discuss two 
different types of fluid conductivity--equilibrium and effective. The 
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equilibrium conductivity is the conductivity measured in a fluid at rest 
or under steady-state conditions (e.g., one moving in a long straight 
path) when it is under no significant electrical unbalance. The effec-
tive or "in situ" conductivity corresponds to the rate of relaxation of 
charge in a fluid at any charged condition to which it is subjected. 
Exponential Law of Charge Relaxation 
For a hydrocarbon liquid with relatively high equilibrium conduc-
tivity (magnitude much higher than a pure hydrocarbon), it is normal and 
generally permissible to ignore the difference between effective and 
equilibrium conductivity. Essentially, then, the conductivity can be 
treated as a constant for a high conductivity liquid. Thus, integration 
of Equation (2-4) yields: 
s :;: s 
0 
e 
-t/r 
for T = constant and s the initial charge density. Equation (2-5) is 
0 
generally used to describe the relaxation of a charged hydrocarbon liquid 
with constant electrical conductivity. 
If the liquid is in motion such as flow in a pipe, Carruthers and 
Marsh (14) conclude that a total description of the relaxation must 
include the charge which is generated at the liquid/wall interface during 
passage through the pipe. They developed, from the concepts in Reference 
(1), an equation for the current carried by the liquid as 
where: 
I 
0 
-t/T 
e + 
It = current carried in the liquid at time t, amp 
(2-6) 
I. = Steady current generated at the liquid/wall interface, amp 
1 
I = Current carried in the liquid at time = o, amp 
0 
The first term in Equation (2-6) represents the exponential law of 
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relaxation while the second term is the current generated by the flow of 
the liquid. Equation (2-6) was developed for pipe with a high electrical 
conductivity such as is generally the case in hydraulic test systems. 
The value of Ii can be calculated by methods presented by Klinkenberg 
(1). 
Hyperbolic Law of Charge Relaxation 
Vallenga and Klinkenberg (1J) present a different theory for charge 
relaxation that does not assume constant conductivity. The effective 
conductivity they conclude is a linear function of the charge density or: 
K = CFu ~ constant 
where: 
C = ion concentration, mol/m 3 
u = ion mobility, m2/volt sec. 
Since the charge density s = CF and r 
(2-~) for non-constant K is: 
ds 
-dt 
which can be integrated to give: 
1 u t 
= + 
s e: e 
0 
= e € /K, the equivalent of Equation 
0 
2 
u s 
e e: 
(2-7) 
0 
1 t/r + 1 0 (2-8) ::;: 
s s 
0 0 
where T is the relaxation time and s is the initial charge density 
0 0 
both at time = o. 
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Equation (2-8) is the hyperbolic law of charge relaxation as derived 
by Vallenga and Klinkenberg and describes the rate of discharge of an 
electrically charged liquid if the conductivity is directly proportional 
to the charge density. 
Charge Effects on Particle Capture 
The important mechanisms for particle separation in a fibrous 
filter other than sieving or mechanical blockage are generally classi~ied 
as: 
1. Direct interception 
2. Inertial impaction 
J. Browman diffusion 
~. Gravity settling 
5. Electrostatic precipitation 
Figure 1 illustrates these mechanisms for flow past a typical filter 
fiber. Electrostatic attraction can occur as a result of electrostatic 
forces drawing a particle from the fluid to the fiber surface. As shown 
in Figure 1, it is possible to collect particles by electrostatic means 
when the particle is so far from the fiber that other mechanisms such as 
direct or inertial interception would be ineffective. If the electro-
static forces are large enough to draw a particle from the flow stream, 
then this capture mechanism may become quite significant. 
A thorough survey of the literature revealed no previous investiga-
tions of the effects of electrostatic charge on filtration, by fibrous 
hydraulic filters. A number of investigators (16-21), however, have 
studied the effect of electric forces on the filtration of aerosols by 
fibrous filters. The primary differences between aerosol and liquid 
® 
I 
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Electrostatic Attraction 
Direct Interception 
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Figure 1. Typical Particle Capture Mechanisms for Fibrous Filters 
1~ 
filtration are the fluid viscosity and chemical properties; therefore, 
the theory developed for aerosol filtration should have applicability to 
liquid filtration with slight modification to account for these variables. 
The following is a review of those works. 
Electrostatic charges may affect the particle separation perform-
ance of a filter in two ways: (1) particles may be attracted to the 
fibers from a distance, and (2) the electrostatic forces may increase 
the ability of a fiber to retain a particle once they have come in 
contact. The experiments of Loffler (22), however, have shown for 
aerosols that these forces are not dominant adhesive forces once a 
particle has been captured. His data indicated that Van der Wals 
forces were the important adhesive forces. This should be even more 
true for liquid filters where the higher viscosities would tend to 
detach the particles from a fiber with even greater drag force. Thus, 
this study is only concerned with the effects of the electrostatic 
capture mechanism. 
Kraemer and Johnstone (16) investigated the electrostatic collec-
tion of particles by a spherical collector. In doing so they classified 
the electrical forces into five categories as follows: 
1. Coulombic forces between a charged particle and a charged 
collector. 
2. Force between a charged particle and its image on an uncharged 
collector. 
3···,Force between a charged collector and its image on an 
uncharged aerosol particle. 
4. Force of repulsion on particle being collected by like charge 
on surrounding particles. 
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5. Force between a charged particle and the total charge 
induced in the collector by surrounding charged aerosol. 
For the case of hydraulic filtration where the fluid carries a charge 
due to "election stripping" in the filter it is reasonable to assume 
that the filter fibers will be charged. It is possible that the con-
taminant particles may or may not be charged depending upon whether or 
not the particles take on a charge from the fluid. If the electrostatic 
charge accumulates in the recirculating system, then it is possible for 
the particles to be charged with the same polarity as the fluid (opposite 
of the filter fibers); however, if the charge in the fluid is relaxed 
before it circulates around the system, the particles would most likely 
not be charged. Because of this situation, it would be possible that 
either cases 1 or J above (charged or uncharged particles) might be 
applicable to hydraulic filters. 
Kraemer and Johnstone (16) developed equations for cases 1 and 3 
above for both spherical and cylindrical collectors. Their expression 
for single fiber efficienty of a cylindrical collector for case 1 with 
both collector and particle charged was: 
'rls1 
where: 
~ single fiber efficiency for case 1 above 
' 1s1 
C = Cunningham correction factor 
x 
2 qc = charge on collector per unit area, C/m 
charge on particle, C 
µ fluid viscosity, cp 
D = particle diameter, m p 
2 
= .01 dyne sec/cm 
(2-9) 
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v = fluid velocity, m/sec 
For case 3 above with charged collector and uncharged particles, their 
equation was: 
2 2 
C q D Jo.33 X ~C ~ g 
µ Df v t (2-10) 0 0 
where: 
~ = single fiber efficiency for case 3 above 
·1s3 
£ = dielectric constant of particle p 
D fiber diameter, m p 
Single fiber efficiency is generally defined as the ratio of the 
flow stream area from which all particles are removed to the projected 
fiber area, both areas taken perpendicular to the direction of free 
stream flow. Figure 2 illustrates the relationship for single fiber 
efficiency with the limiting trajectory exaggerated for electrostatic 
influences. The single fiber efficiency, 'r1 , is then defined by the 
s 
following equation: 
(2-11) 
where y is the ordinate of the limiting particle trajectory in the 
0 
undisturbed flow in front of the filter fiber and Df is the fiber pro-
jected diameter. The single fiber efficiency, thus, is basically an 
indication of the ability of a filter fiber to capture particles from 
the flow stream around it. As illustrated in Figure 2, when electro-
static forces are involved, single fiber efficiency may easily be greater 
than unity. 
If we let the constants 81 and 82 be defined as follows: 
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0 
then Equations (2-9) and (2-10) can be rewritten as 
81 qc qp 
'rls1 ::: D p 
82 
.66 D.66 
Tls3 = q c p 
(2-12) 
( 2-13) 
(2-14) 
(2-15) 
Both Equations (2-14) and (2-15) predict that the single fiber efficiency 
should increase as charge levels increase. However, a primary difference 
between the two equations is that Equation (2-1~) 'predicts decreasing 
efficiency with increasing particle size; whereas, Equation (2-15) 
predicts the opposite effect. It will later be shown that the form of 
Equation (2-15) for uncharged particles is generally more applicable to 
hydraulic system filtration because of the increasing efficiency with 
increasing particle size. 
For a higher degree of accuracy, Loffler and Muhr (21) suggest the 
addition of an adhesion probability to the single fiber efficiency 
expressions. The adhesion probability they define as the ratio of the 
number of particles adhering to a fiber to the number of colliding 
particles. Earlier experiments by Loeffler were mentioned where adhesion 
probabilities less than unit were determined for solid parti'cles with 
fluid velocities greater than 25 cm/sec. Loffler and Muhr found that 
the collision efficiency (product of single fiber efficiency and 
adhesion probability) depends upon the particle and fluid physical 
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properties, the flow velocity, and fiber size. 
Direct measurement of single fiber efficiency or of collision 
efficiency as defined by Reference (21) as a function of each of the 
significant variables, is an ideal fundamental approach. However, this 
is not practical for measurements on complete filters. If a viscous 
liquid is the surrounding fluid medium, this measurement task becomes 
increasing difficult. The approach taken by many investigators is to 
measure experimentally the overall separation efficiency then develop 
empirical equations to describe the phenomena. 
Measurement of Filter Efficiency 
A number of studies have been conducted at Oklahoma State University 
during the past several years relative to the measurement and description 
of hydraulic filter separation efficiency (23-26). Tucker (23) in his 
Ph.D. dissertation considered hydraulic fluid flow through wire cloth 
filter media and developed expressions for filter efficiency based upon 
the filter pore size distribution. The equations developed by Tucker are 
not directly applicable to fibrous or depth type filters because of the 
randomness and complicated nature of the pore structure. 
A standardized and realistic test has been developed for hydraulic 
filters as a result of investigations reported in References (2~) (25). 
This test, called the multi-pass test, has since become a national and 
international standard method (27) and is being utilized worldwide to 
determine the performance of hydraulic filterso The multi-pass test 
basically involves injecting a specified contaminant, AC Fine Test Dust, 
into the circulating filter test system and extracting samples of the 
influent and effluent fluids to determine the separation performance. 
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Figure 3 is a simplified representation of the multi-pass test circuit. 
Equations can be developed (24) to describe the contamination 
level and effective filtration characteristics as a function of time 
and the operating variables. The basic governing equation can be 
written in integral form as: 
No. Particles in 
Reservoir of 
Size D 
No. Particles 
Originally of + 
Size D 
No. Particles 
Injected of 
Size D 
No. Particles 
- Removed of 
Size D 
p p p p· 
(2-16) 
where: 
N = particle concentration of size D per unit volume of fluid 
u p 
at point upstream of filter, particles/ml 
= particle concentration of size D per unit at point down-p 
stream of filter, particles/ml 
N = initial particle concentration of size D , particles/ml 
0 p 
N. = particle concentration of size D in injection fluid, 
1 p 
particles/ml 
Q = volume flow rate through filter, £/min 
Q. volume flow rate of injection, £/min 
1 
V = circulating volume of fluid in system, £ 
Equation (2-16) describes the particle concentration of a given size 
particle D in the upstream fluid. 
p 
If the filter separation efficiency, N, is defined as: 
Na 
ri = 1 - N' 
u 
then Equation (2-16) can be rewritten as: 
------ FRESH CONTAMINANT 
t 
PUMP 
TEST 
FILTER 
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j' j FLUID LJ SAMPLE (INFLUENT) 
Figure J. Simplified Schematic of Multi-Pass Filter Test Circuit 
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(2,:;..17) 
Equation (2-17) can then be different,iated to give: 
d N 
u 
dt 
N. Q. 
1 1 
v (2-18) 
Equation (2-18) represents the controlling differential equation which 
describes the concentration of a given particle size upstream of the 
filter at any time, regardless of the injection rate. Integration of 
Equation (2-18) results in 
N (t) == 
u 
N. Q. 
1 1 
Tl Q 
- IB. t 
(1 - e V ) (2-19) 
if it is assumed that T] is constant and N0 is negligible. Figure 4 
illustrates the solution to Equation (2-19). It can be seen that the 
contamination level will stabilize at some level equal to N. Q./T] Q. 
1 1 
The time constant for the stabilization period is given by V/Y]Q. The 
standard multi-pass test method (27) requires a ratio of V/Q = 0.25 min.; 
thus, the time constant becomes simply 0.25/T] minutes. Because a 
filter generally exhibits higher separation efficiencies at higher 
particle sizes, the time required for stabilization of particle concen-
tration is usually higher for smaller particle sizes. 
It is generally more common in the Fluid Power Industry to report 
contamination levels on a cumulative basis, or in other words, particles 
per unit volume greater than a given size. Thus, a common term used to 
describe the filter separation characteristics is the filtration ratio 
or beta ratio (~) which is defined as the ratio of the cumulative 
particle concentration greater than some size D upstream of the filter p 
to the respective concentration in the downstream fluid or: 
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s = 
N 
u (2-20) 
where: 
N upstream cumulative particle concentration greater than 
u 
size D , particles/ml p 
Nd ~ downstream cumulative particle concentration greater than 
size D , particle/ml p 
Equation (2-18) can be rewritten in cumulative terms as the following: 
d N 
u 
dt 
+ <S-1)Q-
sv Nu 
N. Q. 
1 1 
v (2-21) 
where~. is the cumulative particle concentration of the injection fluid. 
1 
Because of the similarities of Equations (2-18) and (2-21) it is expected 
that the cumulative particle concentration would behave in a manner as 
illustrated in Figure 4. 
Fitch and Tessmann (26) extended the concepts of Tucker (23) to 
graphically model the separation characteristics of a hydraulic filter 
based upon cumulative particle size distributions resulting from the 
multi-pass test. They considered the percent of contaminant which 
permeates through a filter to result in penetration and retention curves 
as a function of particle size. Figure 5 illustrates these characteris-
tics for a typical filter. 
This study will ut~lize the multi-pass filter test method and 
modeling concepts similar to those presented by Tucker (23) and Fitch 
and Tessmann (26) to produce accurate filtration performance models for 
hydraulic filters. The theory for the electrostatic capture mechanism 
will then be utilized for illustrating the change in the performance 
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characteristics with electrostatic influences. The following chapter 
presents the development of the relationships for hydraulic fluid 
filters. 
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CHAPTER III 
DEVELOPMENT OF THEORETICAL MODELS 
Chapter II presented a review of previous investigations which 
were related to the present study. Relationships were shown for charge 
generation, charge relaxation, charge effects on aerosol filter per-
formance, and filtration models. This chapter shows the development of 
models to describe such parameters in terms of hydraulic system 
filtration. 
Electrostatic Charge Accumulation Models 
The flow of hydraulic fluid in a typical fluid power system is not 
representative of the fueling process from the standpoint that the 
hydraulic fluid is continuously being recirculated while fuel generally 
passes through a system one time into a receiving vessel such as storage 
tank or vehicle reservoir. All previous investigations reported in the 
literature have dealt with charge generation and relaxation in a fuel 
type system. The theory developed is therefore not directly applicable 
to a hydraulic system because charge generated by a liquid passing 
through a hydraulic filter may not be fully discharged before it again 
enters the filter during recirculation. Based upon the theories pre-
sented by Vallenga and Klinkenberg (1J), descriptive equations: for the 
charge accumulation in a hydraulic system will be developed. Theories 
for both exponential and hyperbolic decay are included. 
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.za 
Exponential Charge Accumulation Model 
According to most investigators cited in Chapter II, the discharge 
or relaxation of electrostatic charge can be modeled by an exponential 
law. In order to relate this law in terms of a multi-pass hydraulic 
system, consider the schematic illustrated in Figure 6. For the pur-
poses of this derivation it will be assumed that the pipe wall and 
reservoir are electrically conductive (metal) and that the system is 
grounded. In addition, the flow rate Q and the charge generated by the 
filter sf are assumed to be constant. 
Since the system is grounded, the charge in each incremental fluid 
volume can be expressed in accordance with the exponential law given 
by Equation (2-~). A differential equation can be written for the charge 
density in the fluid at the outlet of the reservoir (assuming instan-
taneous and uniform mixing) as follows: 
Rate of change in 
charge density at 
outlet of 
reservoir 
where: 
s charge density 
r 
s. charge density 
l. 
Exponential decay 
in reservoir . 
d s 
r 
dt 
of 
of 
fluid at reservoir 
fluid at reservoir 
Rate leaving Charge rate 
outlet of added to 
reservoir + reservoir 
inlet 
(J-1) 
outlet, C/mJ 
inlet, 3 C/m , 
From Equation (2-5) the charge density at the reservoir inlet can be 
written in terms of the downstream charge density as the following: 
(J-2) 
FLOW = Q 
VOLUME = V 
Figure 6. Charge Accumulation Schematic of Multi-Pass 
Hydraulic System 
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JO 
where: 
sd = charge density downstream of filter, C/mJ 
At = cross sectional flow area of system pipe, 
2 
m 
td = length of pipe downstream of filter between filter and 
reservoir, m 
Note that the quantity At td/Q is the equivalent time required for a 
differential volume of fluid to pass from the system filter to the 
reservoir. This can be referred to as the residence time in the down-
stream line. 
An equation similar to Equation (J-2) can be written for the up-
stream charge density as follows: 
s 
u (J-3) 
where: 
s = charge density upstream of filter, C/m3 
u 
t = length of pipe upstream of filter after reservoir 
u 
outlet, m 
The term Attu/Q is the residence time in the upstream pipin~. 
If the current generated by the filter is the constant value, I , 
s 
then the charge density added to the system per unit time can be 
expressed as: 
I. 
s 
Q (J-4,} 
where sf is the charge density added to the fluid by the filter expressed 
J in units of C/m • 
Let the two constants y1 and y2 be defined as follows: 
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-A,R, .td/Qr 
Y1 - e (J-5) 
-A.t .tu/Qr 
Y2 - e (J-6) 
then combining Equations (J-2), (J-3), and (J-~) gives the following 
equation for the charge density at the inlet of the reservoir, s., in 
1 
terms of the charge at the outlet, sr' and the filter generation rate, 
(J-?) 
Substitution of Equation (J-?) into Equation (J-1) results in the con-
trolling differential equation for the charge accumulation: 
ds 
r + (1.. + Q -
dt r v 
Y' Q 1 
v 
(3-8) 
Integration of Equation (J-8) for time invariant parameters gives the 
following: 
s 
r 
1 Q Q 
= _v __ v_1_s_f __ [1 - e-(T + v - Y1 Y2 v)t1 
Qr + 1 - Y1 Y2 
where s is the initial charge density in the fluid at t = o and is 
0 
generally negligible with respect to s at t > O. 
r 
1 Q When t becomes large with respect to T + V (1 - Y1 y2 ), then 
Equation (J-9) can be expressed as follows: 
(J-9) 
(J-10) 
where ~ is the limiting value of s as t - ~. For high flow rates and 
r r 
)2 
low fluid electrical conductivities, the values y1 and y2 are approxi-
mately equal to unity. This implies that little charge relaxation is 
occurring during the flow of the fluid through the pipes. In this case 
Equation (J-10) is reduced to 
~ 
r 
(3-11) 
The term V/QT or (V/Q)/T is the ratio of residence time of the fluid in 
the reservoir to the fluid charge relaxation time. For large values of 
A 
residence time the steady-state charge level, s , becomes small because 
r 
the fluid has a chance to discharge in the reservoir. If V/Q is small, 
however, the reservoir charge level can build to extreme amounts. 
As an example of the relationship of Equation (J-11), consider a 
hydraulic fluid with dielectric constant equal to 2.0 and conductivity 
-12 
equal to 1 X 10 mho/m; thus, the relaxation time is equal to 
T "' 
c E: 
0 
K = 
(2)(8.85 
1 x 
-12 X 10 sec/Om) = 
10-12 I Om 
17.7 sec = O.J min 
Figure 7 illustrates the relationship between ~r and sf for various 
ratios of V/Q. For the standard multi-pass filtration performance test 
(27) the ratio V/Q = 0.25 minutes, thus the charge accumulating in the 
reservoir is approximately 1.2 times greater than the charge generated 
by the filter. 
In summary the exponential equation for describing the charge build-
up in a recirculating system is based upon the following assumptions: 
1. Fluid conductivity is constant. 
2. Mean velocity of charge carriers and mean velocity of liquid 
are equal. 
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J. Electric field is constant over cross-section of liquid 
and piping. 
4. Uniform instantaneous fluid aLd charge mixing in reservoir. 
5. Pipe and reservoir walls are metal (electrically conductive) 
and grounded. 
6. No significant charge is generated outside of the filter. 
For greater accuracy, the charge generated at the liquid/wall int~rface 
in the piping can be added to the equation for charge accumulation. 
Tests conducted as part of this investigation without a filter in the 
circuit showed that this charge generation was generally low for most 
situations encountered. Thus, Equations (J-9) and (J-10) can be utilized 
to predict static charge accumulation under the exponential charge 
relaxation rule. 
Generalized Charge Accumulation Model 
The hyperbolic law of charge relaxation as presented by Vallenga 
and Klinkenberg (1J) could also be used to predict charge accumulation. 
This rule applies when the electrical conductivity of the fluid is di-
rectly proportional to the charge density. This would occur, in an 
extreme case, when all ions of one polarity, depending upon the affinity 
that the particular filter has f9r absorbing a certain polarity ion, are 
removed from the liquid. Such a condition could generally exist only 
for fluids with an extremely low equilibrium conductivity and the effec-
tive conductivity would, thus, be entirely due to ions of the sign that 
constitute the net charge density. 
The hyperbolic model requires that the equilibrium conductivity be 
equal to zero when there is no unbalance of charge in the fluid. Because 
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common hydraulic fluids definitely have a measurable conductivity in an 
equilibrium state, it is reasonable to assume that the charge relaxation 
could not follow the hyperbolic model precisely. A more generalized and 
realistic model for the conductivity of hydraulic fluids can be written 
as a combination of an equilibrium conductivity term and an additional 
term that is a function of the charge density. Thus, the conductivity 
can be expressed as: 
where: 
K = 
K = 
e 
K ::: 
0 
s ::: 
n ::: 
K = K 
e 
+ K 
0 
n 
s 
effective conductivity, 1/ om 
equilibrium conductivity, 1/ Qm 
proportionality constant, mJn-1/ ocn 
charge density, C/m3 
constant in exponent 
(3-12) 
Such a conductivity generalized model has characteristics of both 
the exponential law where conductivity is constant and the hyperbolic 
law where effective conductivity increases as charge increases. Figure 8 
illustrates the relationship between conductivity and charge density for 
the various models. 
In order to utilize Equation (J-12), the actual fluid charge 
density is normalized by a theoretical value which the fluid would possess 
at equilibrium conditions. By using the relationships from Reference (1J) 
this reference value would be K /u where u is the ion mobility. Thus, 
e 
the constant K in Equation (J-12) can be expressed as: 
0 
K 
0 
n 
u 
n-1 K 
e 
(J-13) 
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J6 
The generalized charge relaxation law can then be der~ved by using 
Equation (J-12) in Equation (2-4) to obtain the following: 
ds 
dt = 
s 
T 
= 
s K 
e 
£ £ 
0 
n+1 K s 
0 
£ e: 
0 
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(:3-14) 
The first term of Equation (J-14) represents the term found in the expo-
nential model and the second term is the relationship due to charge 
effects. Integration of Equation (J-14) results in the following: 
s = [-
K 
0 
K 
e 
+ (s-n 
0 
n K t K ____ e_. 1_ 
+ Ko ) e f: e o ]- n 
e 
where s is the initial charge density at time = o. 
0 
(J-15) 
Equation (J-15) represents a generalized model for the relaxation 
of charged hydraulic fluid when the fluid is undergoing no movement. 
Substituting Equations (J-14) into Equation (J-1) for a multi-pass 
hydraulic system configuration gives the following: 
d s 
r 
dt = 
K 
0 
n+1 
s 
r Q 
----- s E: E: r V 
0 
( J-16) 
From Equation (J-15)~ s. can be expressed in terms of charge density 
' 1 
immediately downstream of the filter as: 
s. 
1 = [-
K K 
o -n o K + (sd + -)e 
e Ke 
n K 
e 
(J-17) 
and the charge immediately upstream of the filter can be expressed as: 
n K A£ £ 1 e u 
[- K K Q C Co J n 0 (s -n ~)e (J-18) s = -+ + u K r K 
e e 
Let the constants Te' y3 and y4 be defined as: 
t E: 
0 
then substitution of Equations (J-17) and (J-18) into Equation (J-16) 
give the following: 
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d s 
r 
1 1 
n K --
dt i::: -
o } n +-(y - 1) K 3 
e 
(J-19) 
Equation (J-19) is the governing differential equation for charge 
relaxation under the generalized law. Under steady-state conditions 
(for t ~ =) the right hand side of Equation (J-19) can be set equal to 
zero then solved for ~r in terms of sf as was done with the exponential 
model previously. Equation (J-19) is rather complex equation for such a 
simple system as assumed for the multi-pass system; however, a solut:i,on 
can readily be accomplished on a computer or the equation can be solved 
in parts. The next chapter presents graphical illustrations of charge 
relaxation under the generalized model for a particular test facility 
and hydraulic fluid. 
Hydraulic Filter Performance Models 
Because of the complicated structure of a fibrous hydraulic filter, 
it is not generally practical to derive equations for overall separation 
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efficiency based upon the fundamental properties of the filter fibers 
themselves. A generally accepted technique is to consider the filter 
on a macroscopic basis and develop empirical equations describing the 
separation characteristics. The following is a development of a pro-
posed model for the separation performance of a hydraulic filter as a 
function of particle size. 
If a hydraulic filter is considered as a "black box", one can 
describe the particle separation characteristics by merely examining 
the influent and effluent particle size distributions. As shown in 
the previous chapter the filtration ratio (~) characteristics can be 
determined by dividing the upstream contamination level by the down-
stream. Likewise the efficiency is simply 1 - 1/~. If the particle size 
distribution in the upstream and downstream fluids can be mathematically 
described, the efficiency or "effective pore size distribution" can also 
be determined. 
It is well documented (28-J1) that most particle size distributions 
occurring in nature exhibit a log-normal frequency distribution of size. 
Herdan (28),states that pulverized silica, granite, calcite, limestone, 
quartz, ••• all give size distributions which can be satisfactorily 
fitted by the logarithmic form of the normal law. The probability density 
function for a log-normal distribution is given by 
f(D ) :;: 1 p 
/211 0n O"g 
0 
where: 
D = particle size p 
exp[- (07! D - {}Jn D ) 2] p 9 
2 Rin.2 cr g 
D ~ geometric mean particle size g 
D > o, cr p g 
elsewhere 
> 1 (J-20) 
crg = geometric standard deviation 
The particle size distribution for AC Fine Test Dust which is utilized 
in the standard multi-pass filter test has a log-normal distribution. 
For simplicity, Cole (J1) made the assumption that RlnD is small 
g 
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compared to Rln D (actually D was assumed equal to unity, thus, Rln D = 0) p g g 
and arrived at the log-log squared distribution commonly used in the 
Fluid Power Industry for plotting the cumulative size distribution of 
system contaminants. Thus, Equation (J-20) can be reduced to: 
(J-21) 
where A; and B are constants. Figure 9 illustrates the size distribution 
of AC Fine Test Dust plotted on log-log2 coordinates. 
The log-normal distribution has a special characteristic, unlike 
the normal or Gaussian distribution, in that all moments (multiplication 
of the distribution by the variable itself) of the log-normal distribu-
tion have similar distribution forms. An efficiency calculated from two 
log-normal particle size distributions should, thus, also be distributed 
log...:normally. Corte (J2), in describing the pore size distribution of a 
fib~ous paper from a geometric consideration of the random nature of the 
fiber network also concluded that the size distribution followed a log-
normal law. 
From an experimental standpoint, it is convenient to plot particle 
separation characteristics on log probability coordinates in order to 
determine the parameters of the log-normal equation describing the 
phenomenon. As an example, consider a filter with efficiency character-
istics described by the graph of Figure 10. The "geometric mean" 
particle size is read directly from the graph at the 50% separation 
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60 80 100 
efficiency point as 10 µ m. The geometric standard deviation for a log-
normal distribution can be found by using the following relationship 
(JO): 
84.13% size 
50% size 
50% size 
15.87% size 
a = 1.5 for example filter 
g 
The efficiency at any given particle size is described by the 
following equation: 
71(D ) p - I0n 
0 
exp [-
(0n D - 0n D )2 
p _ g Jd 0n D 
2.0n 2 cr P 
g 
(J-22) 
(J-2J) 
where the values of D and a are determined from the log-probability g g 
graph. Since such probability integrals cannot be evaluated by exact 
methods, series approximations or tables are generally used. In order 
to use standard tables, it is more convenient to change the log-normal 
probability integral to one having a standard normal form with zero 
mean and a variance of unity. It can be shown using techniques from 
Reference (JJ) that the log-normal probability integral of Equation 
(J-23) can be determined as: 
(J-24) 
where F(z) is the probability that a random variable having a standard 
normal distribution assumes a value less than or equal to z. The values 
for F(z) can be found in standard tables in most statistical reference 
books. 
For the example filter given in Figure 10, the total efficiency 
curve is described by the two parameters D9 and crg (10.0 and 1.5, 
respectively). In order to calculate the efficiency at some other 
particle size, e.g., 12.5 µ M, Equation (J-24) can be applied as 
follows: 
'!1(12.5) = F (.0n 12. 5 - .0n 10. 0 ) ;;::: F ( • 5 5 ) ;;::: 
.en 1. 5 
which is agreement with the curve of Figure 10. 
Fitch and Tessmann (J~) presented a set of models for hydraulic 
filter separation performance based upon several hundred filter test 
conducted at Oklahoma State University. Figure 11 illustrates these 
2 
models plotted on a special "beta" scale ordinate (34) versus log 
particle sized on the abscissa. The S10 identifiers on each model 
corresponds to the filtration ratio or S value at ten micrometers. 
The filtration ratios for the filter models of Figure 11 can be 
converted to efficiency by 1 - 1/S. When these curves are transposed 
on log-probability coordinates, their approximate straight-line relation-
ships are obvious as illustrated in Figure 12. This implies that they 
definitely do follow the log-normal law and, thus, the efficiency can be 
described by the probability integral of Equation (J-2J) or solved for 
by using Equation (J-24). It should be noted that most of the lines on 
Figure 12 are approximately parallel which indicates that the geometric 
standard deviation term in the probability model is approximately 
constant. The only line which deviated significantly from the parallel 
lines was the curve for the Q - 1000 model. There were very few 
"'10 -
filters in this performance range which were evaluated to establish the 
beta ten models; thus, errors in the estimated curve are possible and, 
in fact, if more data were available, the efficiency model for the 
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~ 10 = 1000 filter might be parallel to the others. 
With a log-normal model for the performance characteristics of 
hydraulic filters such as given by Equation (3-23), the efficiency at 
each particle size can be found. If electrostatic charge influences the 
performance of a filter, it should be recognizable in the values for 
D and cr and also on plots on log probability coordinates. Chapter V g g 
illustrates this effect of electrostatic charge, and presents empirical 
developments of relationships between charge and filtration efficiency. 
CHAPTER IV 
CHARGE ACCUMULATION TEST RESULTS 
In order to determine levels of electrostatic charge which can 
accumulate in a recirculating hydraulic system and also to verify the 
relationships developed in the previous chapter, a number of experi-
mental tests were conducted. Because the fluid conductivity appeared 
to be an important controlling parameter, several tests were performed 
to determine the relationship between conductivity, relative humidity, 
particulate contamination, and additives. In addition, experiments 
were conducted to determine the effects of conductivity and flow rate 
upon charge accumulation. 
Fluid Conductivity Experiments 
Personal experiences and discussions with other laboratories have 
led the author to believe that the electrostatic charge accumulation in 
a hydraulic test stand is a function of the relative humidity of the 
surrounding atmosphere. The most obvious method by which relative 
humidity may affect charge generation is by an apparent change in the 
effective fluid conductivity. A series of tests were conducted to 
determine this effect of relative humiidity. 
The multi-pass filter test stand described in Appendix A was 
utilized in these experiments. Before starting, the stand was drained 
and thoroughly flushed, then new fluid was added directly from an 
48 
unopened drum. MIL-M-5606 hydraulic fluid was utilized in all experi-
mentscbecause it is commonly used in aircraft hydraulic systems and is 
J 
specified in the standard multi-pass filter test procedure (27). The 
fluid was allowed to circulate while the relative humidity of the 
surrounding environment was maintained constapt for up to 48 hours. 
Measurements of fluid conductivity were then made using the DC method 
described in Appendix C. Table I and Figure 13 delineate the results 
from this experimental phase. 
TABLE I 
EFFECT OF RELATIVE HUMIDITY ON CONDUCTIVITY* 
RH% Conductivity, pmho/m 
23 2.4 
35 3.4 
45 4.3 
55 4.9 
70 6.2 
80 7.6 
* 
0 
MIL-H-5606, 38 c. 
In addition to relative humidity, it was expected that particulate 
contamination added to the test fluid would also affect the conductivity. 
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Figure 13. Effect of Relative Humidity on Conductivity 
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Experiments were conducted by adding a controlled quantity of both AC 
Fine Test Dust and classified 0-5 ~ dust to the MIL-H-5606 hydraulic 
fluid. AC Fine Test Dust (ACFTD) has a particle size distribution 
spanning 0-80 µm while the classified dust utilized was segregated into 
a 0-5 µm size interval. Table II and Figure 14 present the results of 
these experimental tests. 
TABLE II 
EFFECT OF PARTICULATE CONTAMINATION ON FLUID CONDUCTIVITY* 
Type of Amount Conductivity 
Dust Added (mg/l) (pmho/m) 
ACF TD 0 2.4 
ACF TD 10 2.5 
ACF TD 25 2.7 
ACF TD 50 3.0 
ACF TD 100 3.0 
ACF TD 200 3.3 
0-5 ~m 0 2.4 
0-5 µm 50 4.o 
0-5 ~ 100 5.1 
* 0 
MIL-H-5606, 23% R.H., 38 c. 
MIL -H-5606 Hydraullc Fluid 
Temp.=38°C 
RH=23% 
0-5 J.LM Oust 
'AC Fine Test Dust 
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It can be seen from Table II and Figure 14 that dust added to the 
base test fluid does indeed increase the measured conductivity. The 
0-5 tJ'!Il dust increased the conductivity a greater amount than the AC Fine 
Test Dust of the same concentration by weight. This is probably due to 
the much ~arger total surface area presented by an equal weight of 
smaller particles. Neither the addition of the full distribution AC 
Fine Dust nor the classified 0-5 I-Lin fraction increased the conductivity 
as much as the relative humidity. In fact, neither the dust nor rela-
tive humidity can provide the order of magnitude changes in conductivity 
necessary to significantly affect the electrostatic charge generation 
and accumulation. 
One final series of experiments were conducted on the fluid conduc-
tivity involving the addition of antistatic additives. Two types of 
additives ~ Shell ASA-3 and Ethyl DCA 48 ~both commercially avail-
J 
able, were added in various quantities to the test fluid. These addi-
tives were specifically formulated to increase the conductivity of 
hydrocarbons and thus reduce charge accumulation. They have been 
successfully used to prevent potential explosions in fueling systems 
due to static discharge. 
Table III and Figure 15 illustrate the effects of the additives on 
the equilibrium conductivities of the hydraulic fluid. Both additives 
have similar effects which are much more dramatic than either relative 
humidity or particulate contamination. By adding a small quantity of 
either of the additives, the conductivity can be increased by orders of 
magnitude. On a relative basis, humidity changes or particulate 
impurities can only,provide a small conductivity improvement. 
TABLE III 
EFFECT OF FLUID ADDITIVES ON CONDUCTIVITY* 
Additive PPM Additive Temperature Conductivity, pmho/m 
0 
ASA-3 2 38 c 16.9 
0 
ASA-3 5 38 c 39.9 
0 
ASA-3 10 38 c 65.4 
0 
ASA-3 40 38 c 247 
0 
DCA-48 0.05 21 c 4.8 
0 
DCA-48 0.1 21 c 5.3 
0 
DCA-48 0.5 21 c 5.8 
0 
DCA-48 1.0 21 c 7.0 
0 
DCA-48 5 21 c 22.6 
0 
DCA-48 10 21 c 33.5 
0 
DCA-48 50 21 c 89.3 
0 
DCA-48 100 21 c 136 
0 
DCA-4,8 500 21 c 372 
* MIL-H-5606, 35% R.H. 
to-I 
ML-H-5606 Hydraulic Fluid 
PPM Additive 
Figure 15. Effect of Additive Concentration on Fluid 
Conductivity 
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Charge Accumulation Characteristics 
' 
Before the experimental program was initiated, it was felt that 
electrostatic charge generated by flow through a test filter would 
accumulate a recirculating test facility. Because filter character-
istics, flow rate, and conductivity were believed to be the most 
influential parameters controlling charge accumulation, and experimental 
program was devised to evaluate such interactions and to verify the 
charge accumulation models developed in the previous chapter. 
A total of six different filter models were selected for this 
program as well as the particle separation tests discussed in the next 
chapter. The filters were donated by the filter manufacturers sponsoring 
this research effort as noted in the Preface. The filters span a range 
of efficiencies at 10 ~ from 6% to greater than 98% and are representa-
tive of hydraulic filters utilized in current hydraulic systems through-
out the industry. The manufacturer's rated flow for the filters was 
approximately 76 l/min with the exception of one filter which was rated 
at 114 l/min. The filter dimensional characteristics and rated flows 
are given in Table IV. In order to maintain confidentiality with the 
filter manufacturers who submitted the: filters, they are identified 
simply as A, B, C, D, E, and F. Each letter identifier represents an 
entirely different filter type. 
Streaming Current Measurements 
Concurrent with the tests of conductivity versus relative humidity, 
measurements of streaming current were taken for the six test filters 
at different flow rates covering a range from 19 l/min up to 170 I/min. 
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TABLE IV 
TEST FILTER DESCRIPTIONS 
Filter Element Element Approximate Rated Flow, 
Identification Length, Width, !1edium I/min 
cm cm Surface Area, 
m2 
A 22.8 11.2 0.768 114 
B 20.2 11.0 0.728 76 
c 20.2 11.0 0.628 . 76 
D 20.2 11.0 o.465 76 
E 22.9 9.8 0.850 76 
F 11.0 7.8 0.243 76 
58 
Streaming current was measured with a Keithley model 610 C electrometer 
by placing electrode grids upstream and downstream of the test filter 
housing as described in Appendix c. Appendix C also contains typical 
data collected. 
B~cause the complete test system utilized was grounded ~ metal 
piping, metal fittings, metal housing, etc. ~ it is recognized that 
the st~eaming current values measured are probably not equal to the 
exact values generated by the filters. Some of the charge generated 
would be transferred back upstream of the filter through the piping 
thus the current measurements would not be correct. The values measured, 
therefore, can not be taken as precise numbers but can be utilized to 
illustrate trends. It can be concluded from the measurements that the 
streaming current does increase with increasing flow rates. Tests 
" 
conducted at various fluid conductivities produced similar effects; 
however, the current generated was much lower at higher conductivities. 
Charge Accumulation Model Verification 
To provide a technique for measuring the electrostatic charge 
accumulating in a recirculating hydraulic system, a method for measuring 
charge density in the fluid was developed. The procedure utilized is 
described in Appendix C and involves the use of a Faraday cage con-
structed with two concentric stainless steel cylindrical vessels. The 
fluid was introduced into the inner container and the potential between 
the two containers was measured with the Keithley electrometer. The 
electrostatic charge density could then be calculated from the measured 
voltage, the cell capacitance and the fluid quantity. 
In order to verity the charge accumulation models developed in 
Chapter III it would be ideal to measure the charge density in the 
reservoir for a given filter charge generation rate. However, in the 
actual case, the charge generated by the filter is unknown in .advance 
and the charge density directly within the reservoir is difficult to 
measure. It is convenient to sample the system fluid upstream and 
immediately downstream of the test filter as illustrated in Figure 16. 
The charge accumulation models presented in Chapter III for the 
exponential and generalized relaxation laws can be rewritten in terms 
of the steady state charge densities at other points in the system. 
J 
" If the value, s , represents the steady state charge density at the 
x 
upstream sample point then it can be described in terms of the value, 
" sd, measured at the downstream sample point. For convenience we will 
introduce the value, R, as the charge transfer ratio such that R is 
expressed as follows: 
" 
R 
sd 
= r 
s 
x 
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The charge transfer ratio is thus the ratio of the charge density at the 
downstream sample point to the charge density at the upstream sample 
point under steady state conditions. 
In order to calculate values of R for the test facility utilized, 
the following constants were measured: 
.t 
d 
t 
x 
length of line downstream sample point to reservoir = 4.06 m 
length of line from reservoir to upstream sample point= 1.91 m 
-4 2 
cross-sectional flow area of lines = J.84 x 10 m 
fluid dielectric constant = 1.79 
V = system volume 40 l 
u ion mobility= 5 x 10-9 m2/volt sec (typical) 
CONTAMINANT INJECTION 
4.06M 
FLOW 
Hi . ~ 
UPSTREAM SAMPLE ·DOWNSTREAM SAMPLE· 
Figure 16. Test Schematic for Charge Accumulation Model 
CJ'\ 
0 
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The value for ion mobility was not measured but taken as a typical value 
reported by References: (5~ fo) ~" Figure,.17 presents theoretical curves 
for the charge transfer ratio under the stated conditions at various 
.J 
conductivities and flow rates in accordance with the exponential relax-
ation law. Figure 18 illustrates similar curves for the generalized 
relaxation law; however, the conductivity was held constant at a value 
-12 
of J.4 x 10 mho/m and the downstream charge density was allowed to 
vary since this level influences the charge relaxation under the general-
ized model. It can be noted that the curves in Figure 18 approach a 
. - -12 purve in Figure 17 (for K,.., J/4 x 10 mho/m) when the downstream 
charge density is low. At this point, the effects of the charge level 
upon the effective fluid conductivity in the generalized model become 
insignificant and the two models are equivalent. 
Measurements of upstream and downstream charge density were made 
at various relative humidities and with various concentrations of 
anti-static additives. The data obtained for the tests at various 
humidities and no additive are presented in Appendix D. When the 
anti-static additive, ASA-J, was introduced into the fluid the upstream 
charge densities were so low that accurate measurements were impossible, 
thus no data were available at the extremely hig~ conductivities. 
Figure 19 illustrates the results from the charge values measured 
at a conductivity of J.4 pmho/m for the various filters. The flow rate 
was varied from 19 to 170 l/min during these tests. It can be seen from 
Figure 19 that the measured charge transfer! ratio was always higher than 
the theoretical values based upon the exponential model from Chapter III. 
The exponential law assumes that the effective conductivity is constant 
and equal to the equilibrium conductivity. The exponential law appears 
Conductivity, K , Expr11Md 
In Units of 10-12 mho/m 
Flow ftote, I /min 
Figure 17. Exponential Charge Accumul'ation Model 
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Figure 19. Charge Transfer and the Exponential Law 
to be much closer to the actual data at 19 l/min, for instance, for 
filters E and F which both had much lower values of downstream charge 
density than the other filters. This would imply that the charge 
transfer ratio is indeed a function of the initial charge density as 
given by the generalized model. 
In order to verify the generalized charge accumulation model as 
presented in Chapter III it was first necessary to determine the value 
for the exponent, n, in the conductivity versus charge equation: 
K K + K 
e o 
n 
s 
II 
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A computer program was written to calculate estimated values of s and R 
x 
for the test conditions presented previously under various conditions of 
II 
downstr~am charge densities, sd, and values for the exponent, n. A 
multiple correlation coefficient, r, was then calculated for the actual 
II 
values of s versus the estimates using the technique from reference (35~ 
x 
The coefficient of determination was then calculated as r 2 • An iterative 
searching computer routine was written based upon the golden section 
method given by Mischke (36) to maximize r 2 for various values of n. 
All 102 data points were considered and the computer produced a value 
2 for n = 0.77 and r = 0.90. 
Figure 20 illustrates the effect of flow and initial charge upon 
the charge transfer ratio under the generalized model for a value of 
K = J.4 pmho/m and n = 0.77. Actual data points are superimposed about 
the theoretical curves. It can be seen that the actual data, although 
there appears to be some scatter, basically follows the theoretical 
curves. A possible explanation for 1 the data scatter is the variations 
in the system fluid 'volume during the testing. Prior to conducting· the 
10 
N=0.77 
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r2-=0.90 with 102 Data 
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Q •1'10 l/IMt 
Figure 20. Effect of Flow and Charge Level Under the Generalized Model 
experiments, the importance of the system volume in the charge accumu-
lation relationships was not known. An attempt was made to maintain 
the system volume at approximately 40 litres; however, the volume did 
rary somewhat due to fluid sampling during the charge measurements. 
In addition to the volume changes, another explanation for the 
difference between the actual and theoretical charge transfer ratios, 
especially at the higher flow rates, is the generation of charge by the 
fluid lines. The theoretical model for charge accumulation under the 
generalized law given in Chapter III is based upon the assumption that 
no charge is generated except that produced by the filter. In reality, 
at high flow velocities and low conductivities there will be some charge 
developed in the piping as shown by Klinkenbert (1) and others. For a 
more precise accumulation relationship, this additional charge generation 
should be considered; however, the flow velocity (7.4 m/sec) at which the 
larger variations from the theory were noted in these experiments were 
at least 2 to J times the values encountered in actual hydraulic systems. 
Thus, for most applications, the generalized charge accumulation model 
presented in Chapter III should apply. 
I 
Figure 21 illustrates the effect of conductivity and initial charge 
density upon the charge transfer ratio under the generalized model with 
N = 0~77 and Q = 76 l/min. Again, the actual data points are plotted 
by the theoretical curves. It can be seen that the actual data gen-
erally follows the theoretical model at the various conductivities. 
The coefficient of determination value, r 2 = 0.90, obtained when 
considering all 102 data points certainly indicates that the quality 
of the fit between the actual and estimated points is good. 
0=76 I/min 
N=0.77 
r2=0.90 with 102 Total 
• K=3.4 p mho/m 
o K= 4.9 p mho/m 
x K=7.6 p mho/m 
103 Data Points at 6 Flows 
10 
Theoretical Curves 
K=7.6 pmho/m 
K=4.9 pmho/m 
K=3.4 pmho/m 
Figure 21. Effect of Equilibrium Conductivity and Charge Under the 
Generalized Model 
CHAPTER V 
EXPERIMENTAL EVAWATION OF CHARGE INFLUENCES 
A large number of experimental tests were performed as a part of 
this research investigation to establish the influence of electrostatic 
charge upon filter performance. A total of six different filter models 
were donated for the tests by the filter manufacturers noted in the 
Preface. These filters were. selected to cover a broad range of filtra-
tion characteristics or "effective pore size distributions." They are 
all representative of filters currently being specified and used in the 
Fluid Power Industry. The experimental program was primarily designed 
to evaluate the changes in separation performanc~ and contaminant capac-
ity which occurs when electrostatic charges are present. 
Filter Test Method and Typical Results 
The multi-pass filter test method (27) which was originally devel-
oped at Oklahoma State University ~24:, 25), is recognized throughout the 
world as a: standard method for evaluating the performance character-
istics of hydraulic filters. It has received adoption by both national 
and international standards bodies. The test method, due to its 
recirculatory nature, provides a realistic representation of actual 
operating environments for field systems. Because of the applicability 
of the test results and the wide acceptance of the method, the multi-
pass method was used for all evaluations in this study. Electrostatic 
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charge density measurements were taken upstream and downstream of the 
te-st filter before and during each test. 
The multi-pass test method requires the continuous introduction of 
AC Fine Test Dust into the reservoir of the ,recirculating filter test 
system~ Appendixes A and B describe the test facility and test method 
in detail. The rate of contaminant injection is controlled to result 
in a theoretical base upstream gravimetric level of 10 mg/l calculated 
by the following relationship: 
Injection Rate (mg/min)= (10 mg/I) x (filter flow rate I/min) 
Fluid samples are taken from the upstream and downstream lines for 
particulate analyses and determination of filtration ratios or separation 
efficiency. The test time required for the filter to plug to a designated 
pressure differential is recorded and the apparent contaminant capacity 
(ACFTD:capacity) is calculated by multiplying this time by the injection 
rate. 
Table V represents a typical summary of data resulting from a 
multi-pass test. The large magnitude oz information resulting from such 
a test' (as well as the effort required to conduct the procedure) can be 
appreciated from Table V. Particle counts were performed during this 
investigation at particle sizes of 2, 3, 5, 7, 10, 15, 20, 25, JO, 35, 
4o, and 50 micrometres on a cumulative basis. An average of three 
separate counts is reported. The values for beta listed in Table V are 
simply the ratio of the upstream count at some particle size to the re-
spective downstream count. The efficiency values are calculated as 
100 (1-N /N ). The average values reported at the bottom of Table V are 
d u 
divided into two groups - the average of all samples taken during the 
TABLE V 
SUMMARY OF RESULTS FOR FILTER F-7 
FILTER rn: l FPRC NO! ~i45H CHARGE: 2.67E-03 C/M**:3 NO, OF SAMPLES 
FLOW [~ATE = l6 L/MIN PPM = 0 RH = 371' 
PRESSURE DIFF • ( E<AR): TERMINAL 2.67 HOUSING 0.44 
5% 
ASSEMBLY F'RESSUf(ES ( BAf~) 0, 54 
TEST TIMES(MJN,J 3,90 
0.60 
4.80 
INITIAL INJECTION: 
FINAL INJECTION: 
l"IME >2 
5.85 UF' AVG 15747.0 
IIOWN AVG 3900.0 
BETA 4,04 
EFFIC, 7~:;.23 
6.80 UP AVG 16093.0 
IIOWN AVG 4<>93.o 
BETA 3,93 
EFFJC, 74.57 
7.55 UP AVG 16600.0 
DOWN t.VG 3897.0 
BETA 4.26 
EFFIC. 76.52 
0.20 IJF' AVG 1647~'. 0 
DOWN AVG 349[,.() 
BETA 4 ,}1 
EFFIC. 78. 7'1 
AVERAGE BETA 4.22 
AVG EFFICIENCY 7b.28 
10/80 AVG BETA 4.22 
10/80 AVG EFF 76.28 
.268 L/MJN, 
.26B L/MH!. 
>5 
9674.0 5'705.00 
10~10.o 238.60 
9,39 23 .<11 
8'/, :35 95.82 
9716.0 '>649.00 
106'.5. 0 2~54. 30 
9.l2 22.21 
89.04 95. ~)0 
10150.0 5951.00 
1074 ,() 2B2.00 
9,45 21.10 
89.42 9~.26 
10251.() 6079.00 
1026.0 2<10 +90 
9,99 20.34 
B9.99 95.0B 
9.48 21.a1 
8'1 ,45 95,42 
9,49 21.01 
99,45 95.42 
'>'7 
29B~i .10 
46.BO 
6.3.78 
913,43 
'.2?39. 70 
53.90 
54.54 
98.17 
3013l .. 30 
70.80 
4~'1. 59 
97.71 
3195.6() 
Bo.so 
;39. :':i!'::i 
97.47 
4B,64 
97,94 
48.64 
97,94 
10% 
O.l3 
5.85 
2604 MIJ/l 
267? MG/l 
>10 
1453 .10 
11.80 
123. 14 
99.19 
1.4??.60 
17. ?() 
83.00 
913.80 
1517.00 
23.50 
64.55 
99,45 
t ~56~j. 7() 
2"7.50 
56.93 
98.24 
75.15 
98.6l 
75.15 
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test, and the average of only the samples corresponding to 10, 20, ~O, 
and 80% pressure drop increases in accordance with the standard method. 
Additional samples were sometimes collected during the tests to provide 
further information about the filtration characteristics. The averages 
for separation efficiencies are strictly ~rithmetic averages, however, 
the average betas, because of the non-linear characteristic of the fil-
' 
tration ratio were calculated by ~ = 100/(100 - ~ _) per the dis-
avg avg 
cussions in reference (37). 
The upstream and downstream particle counts for the filter F-7 from 
Table V are plotted on log-log2 coordinates in Figure 22. The "spread" 
between the two curves is representative of the filtration ratio or 
efficiency and it can be seen that the distance between the lines 
generally increases with increasing particle sizes. For large particle 
sizes there is usually more random error associated with the particle 
counts from a statistical basis (38) because of the low particle popu-
lation. Thus, the filtration ratios at large sizes (especially with high 
efficiencies producing a very small particle population) shows a greater 
degree of scatter. In addition, if any fluid leakage occurs across the 
element seals (from upstream to downstream), the filtration ratios show 
a tendency to become constant for all larger particle sizes at a value 
which can be calculated from the percentage leakage (39). In this cas~, 
only filtration ratios below the "leakage ratio" can be used to represent 
the true characteristics of the filter element alone. 
} 
Figure 23 illustrates the particle separation spectrum for the 80% 
samples collected during the test on Element E-2. This filter has 
much less efficien~y than ele.ment F-7 as can be visualized from,F:Lgure 23 
by the closeness of the upstream and downstream particle size distributions. 
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The particle separation characteristics for a given filter must be 
considered as the most important of the various performance parameters. 
If a filter is not capable of controlling the contamination level of a 
hydraulic system below some critical level, it would be meaningless to 
consider such parameters as pressure drop and contaminant capacity. 
However, if a filter possesses at least the desired retention character-
istics, the capacity becomes a quite important performance parameter. 
Figure 24 illustrates pressure drop/contaminant loading characteristics 
for elements F-7 and E-2. Considering that both filters were subjected 
to approximately the same contaminant injection rate, it is easily seen 
from Figure ~4 that element E-2 had a much higher ACFTD capacity than 
element F-7. 
A complete summary of the average filtration performance capa-
" 
bilities of the thirty-nine filters evaluated during this investigation· 
is included in Appendix D. The filtration ratios, as well as efficien-
cies, are averages of the samples extracted at the 10, 20, 4o, and 80% 
pressure increase points. These points were selected for the summary 
because the standard multi-pass. procedure calls for sampling at these 
J • 
respective points and because these samples were available for all the 
filters evaluated. Each set of average filtration ratios or efficiencies 
thus represents a compilation of eight samples and a total of thirty-
six particle counts per sample (12 particle sizes x 3 counts for each 
size) or a total of 288 numbers. Because of the magnitude of numbers 
and calculations required, all the data was entered into a computer 
bank for summarizing ~nd data reduction purposes. 
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Experimental Results of Charge Influence Tests 
As mentioned before, a total of thirty-nine complete multi-pass 
tests were conducted under various charging levels. A complete summary 
including the measured charge density values is contained in Appendix D. 
There was no convenient method for controlling the electrostatic charge 
density at a desired value for any given test as the charge level is a 
/ 
function of filter properties, fluid properties, and flow rate. Tests 
were therefore conducted with various amounts of conductivity additive 
(ASA-3) in the test fluid (MIL-H-5606) in order to establish various 
charging levels. 
During the tests, the charge densities in the fluid upstream of 
the test filter were measured but were always at least an order of 
magnitude less than the downstream fluid. Generally, the difference 
corresponded to several orders of magnitude as predicted by the gen-
eralized relaxation law developed in Chapter III. The downstream 
charge density is therefore the only value reported in the summary of 
Appendix D. 
It was suggested to the aut~or that perhaps the addition of the 
ASA-3 anti-static additive to the test fluid could increase the particle 
dispersancy characteristics of the fluid thus changing the apparent 
performance of the test filter. Past experience has shown that with the 
' 
turbulent mixing (flow passing through the pump, tubing, elbow,s, 
difusers, etc.) that exists in a multi-pass test facility, AC Fine Test 
Dust becomes fully dispersed. A test was conducted however to determine 
the effects, if any, of ASA-3 upon the particle size distribution of 
ACF1D in MIL-H-5606 hydraulic fluid. A quantity of dust was mixed in a 
small recirculating test stand with new MIL-H-5606 fluid. Samples were 
78 
then extracted for particle count analysis. A quantityof.ASA,,..J additive 
(40 PPM by volume) was then added to fluid and the circ~lation was 
allowed to continue. for 30 minutes. Samples were again extracted for 
analysis. Table VI presents the average results of particle counts 
conducted on two samples taken before and after the addition of the 
ASA-3. It can be seen that the particle size distribution with the 
ASA-3 is essentially equal to the distribution with no additives. 
TABLE VI 
DISPERSANCY CHARACTERISTICS OF SHELL ASA-3 ADDITIVE 
Particle Size Cumulative Particle Count/ml 
(~) I No Additive - 40 PPM 'ASA-3 
2 6398 6384 
3 4319 4421 
5 2636 2602 
7 1373 1401 
10 646 ,670 
15 206 208 
20 85.0 ,91 
25 40.3 41.5 
30. 21.5 20.3_ 
35 11.3 12.7 
40 6.8 6.9 
45 1. 7 2.5 
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It can be 1 noted from the data summary in Appendix D that several 
filters of each model were evaluated with extremely low downstream 
.J 
charge densities. For instance, with filter A, the maximum charge 
density obtained was with no. conductivity additive and was equal to 
11.7 X 10-J C/m3• Th . . 1 1 1 87 10-7 C/ J 1 t f' e minimum eve was • .x , m or a mos J 1 ve 
orders of magnitude lower. The extremely low charge measurements were 
difficult to measure accurately and yariations of up to 100% were not 
uncommon. 
-4: 3 However, when th~ charge level was approximately 10 C/m or 
greater the charge measurements were highly repeatable and successive 
reading would usually fall within 5% of the average value. The primary 
reason for t_he large number of data points at the low charge values was 
the fact that the effect of the conductivity additive on a particular 
filter was unknown prior to the addition of th~ ASA-3; thus, it was 
difficult to determine the required concentration of rdditive in advance. 
Various levels of additive from 2 PPM up to 4:o PPM were used during the 
investigation and the filters were evaluated at each additive level. 
j 
There was a large time delay from the time a test was conducted until 
particle counts were completed which also increased the difficulty in 
determining which leFels of charge resulted in an effect on the filter 
performance. 
In order to establish the effect of electrostatic charge upon the 
" ' 
filter's particle1 separation capabilities for various particle sizes, 
it is more convenient to examine particle counts and effifiencies on an 
incremental size basis rather than cumulative. This allows the isolation 
of any influences on a given particle size or size range. Appenpix D 
also includes a summary 'f:.able of ~ilter sepa:ratipn characteristics based 
upon siz~ interval calculatipns. ·The values presented are similar to 
fil.tration ratios except on a size interval basis, and are called 
"retention ratio,s" to prevent confusion with the cum.ulati ve parameter. 
The retention ratio~. are ca~culated by the follo}\'ing relationship} 
where 
D. 
1 
N 
u. 
1 
N 
- N 
g? u1 u2 
D -D N 
- N 1 2 d1 d2 
= retention ratio for particle size interval D1 - D2 
particle size 
= particles greater thalJ. size D .. ·in, upstream fluid 1 . . 
N = particles greater than size D. in downstream fluid. d. 1 
1 
Figures 25 thrqugh 30 illustrate the rel~tionship between average 
80 
retention ratio and downstream charge density for the six filter models 
evaluated. To prevent the larger number of data points at extrem~ly 
low charge levels) from bi1asing ,regressions, an average value of the 
retention ratios for the,se charg.es were plotted at zero charge on 
Figures 25-JO. -4 J Charge values below 10 C/m were considered alike and 
the retention rations were averaged to produce a best estimate of the 
zero charge point. Typical coefficients of variation (100% x ratio of 
sample standard deviation to sample mean) for this averaging fell 
between 2% and, 10% for retention ratios with a value under two. The 
variation increased in most instances for higher retention ratios and at 
higher particle sizes. 
The lines drawn through the data points in Figures 25-JO represent 
a least squares curve fit to an equation of the form: 
" 
0 
ex. 
· 18 d 
e (5-1) 
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where 
~ = retention ratio at zero charge level 
0 
a = constant, m3 /C 1 
~d =j downstream steady state charge density, C/m3 
The intercept of the lines at the zero charge ordinate represent the 
87 
value ~ in Equation 5~1 while the slope of the lin~s are reflected by 
0 
a.1 • Typical coefficients of determination (r2 ) for these curves fell 
' 2 ' 
between 0.5 and 1.0; however, most r values were above 0.85 for particle 
sizes below 15 IJ.m. Experience has shown (38) that for high separation 
efficiencies and large particle sizes, the downstream particle population 
is extremely small and random measurement errors may alter the data 
significantly. Therefore the curves for retention ratios in excess· of 
ten are not shown in Figures 25-JO. In such instances, the coefficients 
of determination were generally below 0.5. 
An additional result from the charge influence tests was ACFTD 
capacities for the various filters and charge levels. Figure 31 
illustrates the data collected from the experimental program. Again, 
J 
the capacity values for filters with approximately zero charge were 
averaged and plotted as one point at zero. The coefficients of variation 
for this averaging process were all less than ten percent with the ex-
ception of element F which had a 1~.8% c.o.v. Regression analyses for 
the data plotted (semi-log coordinates) generally produced low values 
2 for r and "flat" slopes which indicates little effect of charge on 
capacity. 
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Empirical Models for Charge Influence 
The equation which best describes the relationship between reten~ 
I 
tion ratio and electrostatic charge density from Figures 25-30 is of the 
form of Equation (5-1). Reference (40) summarizes an investigation by 
Chen in which he considered the overall collection efficiency of a, 
fibrous aerosol filter as a function of }he single fiber efficiency. 
He developed an equation of which can be written as: 
4 111 B 1h 
1i Df ( 1..:B ) 
f 1 
e 
where 
B1 = filter fiber packing density 
h filter thickness 
Df = filter fiber diameter 
(5-2) 
If Equation (5-2) is rewritten with one term representing retention with 
j 
no charge and one term representing charge effects, the following is 
obtained: 
where 
0 
4; B h /. :.1 filter parameter constant = __ ...,_ _ __,,... 
1'T J)f(1-B1) 
1ls/q = single fiber efficiency due to charge only. 
(5-3) 
Equation (5-3) is of the same form as Equation (5-1) which describes 
the data from this investigation. 
In order to determine the single fiber efficiency equation most 
applicable for use in Equation (5-3), the earlier review of Kraemer and 
Johnstone's work (16) should be considered. Equation (2-14) for the 
condition of charged fiber and charged particle predicted a decreasing 
effect of efficiency with increasing particle size; whereas, Equation 
I 
90 
(2-15) for charged fiber and uncharged particle predicted the opposite. 
The effect of various particle sizes can most easily be recognized by 
II 
observing the slope (0:.1 ) of the ~ versus sd curves plotted in Figures 
25-JO. From these figures it can be seen that the slope of the curves 
generally increase with increasing particle sizes. 
To obtain a more precise indication, the slopes, ~1 , from the least 
squares curve fits in Figures 25-30 were plotted in Figure 32 as a 
function of particle size for the various filters. Because of the poor 
correlation between retention ratio and charge for the larger particles 
and higher retention ratios, an arbitrary decision was made not to 
2 
consider curves from Figures 25-JO if their respective r values were 
less than 0.7. In fact, because of the low coefficie.C, of determination, 
filter F could not be represented in Figure 32. 
I 
It can be recognized from Figure j2 that all of the curves except 
for element A show increasing "slope, ai, with increasing particle siz~. 
Element A in fa~t, exhibited almost no change. This increasing slope 
certainly indicates that an equation for single fiber efficiency such as 
Equation (2-15) is more applicable than Equation (2-14). From Kraemer 
I 
and Johnstone's investigation (16), this implies that the filters which 
were tested have the characteristics of charged fibers and uncharged 
- I 
particles. Because of the extremely low upstream fluid charge densi-
ties 'measured in this investigation, it is certainly reasonable to 
assume that this could be the general case, and that the particle, if 
I 
they were previously charged could be discharged by the time they reach 
a point directly upstream of the filter. 
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The only filter which did not show an increasing ~1 with increasing 
particle size was element A. This element was evaluated at a flow rate 
50% higher than all the other filters. It is certainly conceivable that 
the higher flow rate (114 .{/min) contributed to some charge transfer 
from the fluid to the particle. From the charge accumulation theory 
previously developed, it is known that the charge relaxation from down-
stream to upstream of the filter is less at higher flow rates. It is 
thus possible that in this one instance, the filter acted in a somewhat 
different mode that reflects the particles being somewhat charged. 
If it is assumed that in most multi-pass filter test situations the 
ACFTD particles are uncharged then E9uation (5-3) can be rewritten in 
terms of Equation (2-15) to produce: 
(5-4) 
0 
As stated earlier, the fiber charge is not readily measurable for 
hydraulic fibrous filters but from the curves in Figures 25-30 it is 
known that the retention ratio varies exponentially with a linear 
function of downstream charge density. Therefore, a more generalized 
form of Equation (5-4) that agrees with the current experiments can be 
written as: 
(5-5) 
0 
where 
~ a characteristic constant made up of filter, particle, and 
fluid parameters 
n = constant in exponent. 
The value for n for the various filters evaluated appears to be a func-
tion of the filter; however, n is positive for all filters except 
93 
f~lter A. The values for n for filters B, C, D, and E were 1.58, o.49, 
0.49, and 0.63, respectively. These are of the same sign and have a 
general order of magnitude the same as the theoretical equation for 
aerosol filtration, Equation (5-4), which has an exponent of o.66. 
Infl~enc~ of Charge on Filtration Models 
Because of the complexity of the log-normal filter performance 
model presented in Chapter III, one can not solve explicitly for any of 
! I 
the parameters for determination of charge influences. It is more 
convenient to use a graphical approach with log-probability coorditjates. 
Figure 33 illustrates the base (no charge) models for the filters 
evaluated in this investigation. The data points were calculated from 
the average retention ratios (~ = 1 - 1/~ ) at the zero charge levels. 
0 
It can be seen from Figure 33 that the separation efficiency character-
istics of each filter follow the log-normal model almost exactly with 
the exception of filters C and Eat values below ten to fifteen per.cent 
efficiency. It is believed that the curved lines below 10% efficiency 
are a result of high1particle build-up during a multi-pass test in the 
low particle sizes (because the: filter is removing essentially no 
/ 
particles) thus affecting both the apparent filter characteristics and 
the particle counting accuracy. 
Table VII is a summary of the geometric mean and geometric standard 
I 
deviation determined from, the filter models of Figure 33 in accordance 
with the method described in Chapter III. It should be noted that the 
geometric standard deviations for filters A, B, D, and F were almost 
identical. Filters C and E which had mu,ch lower separation efficiencies 
deviated somewhat from this constant slope. 
j 
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TABLE VII 
FILTER PERFORMANCE MODEL P AR.AMETERS 
Filter Geometric Meap Particle Geometric Standard Size (n ) , µ,m Deviation, a g· g 
A 8.5 1.85 
B 9.6 1.82 
c 22.5 l.51 
D 5.8 l.83 
E 26.0 1.57 
F 3.2 1.81 
In order to determine the effects of charge density upon the filter 
' 
performance model parameters, D and 0 , log-normal curves were con-
g g 
structed for the various charge levels as illustrated in Figure 34 for 
element D. It can be seen from Figure 34 that the geometric mean 
diameter, D , decreased with increasing charge. The geometric standard 
g 
deviation, a , increased for increasing charge values. Similar curves 
g 
to those in Figure 34 were also constructed for the other six filters. 
Each of the other filters ,generally showed similar trends to filter D. 
To demonstrate the generalized effect of charge upon the filter 
model variables, each value of D and a for each filter was normalized 
g g 
by dividing by their respective values at 11 zero 11 charge. Figures 35 and 
36 contain a summary of all data points from the six filters for the 
normalized parameters. A least squares curve fit (semi-log) to the data 
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in Figure 35 'resulted in an expression for the nonnalized geometric mean 
diametrr, D , of the following ~orm: g 
_, 
D 
g e 
where the value, 50, has units of m3/c. In an un-normalized form 
·Equation (5-6) can be written as follows: 
D g D go e 
(5-6) 
(5-7.) 
wpere D is the geometric mean diameter at zero charge density. A go 
similar analysis can be performed on the data in Figure J6 to produce 
! 
an equation for a as: g 
a 
g go e (5-8) 
where 0 is the geometric standard deviation at zero charg~ density. go 
If the geometric mean diameter is thought of as representative of 
the mean "effective" pore size of the filter and the value a as g 
indicative of the pore size, standard devi_ation, a meaningful interpre-
tation of Equations,(5-7) and (5-8) can be obtained. Equation (5-v) 
shows that the "effective" mean pore size is reduced significantly under 
the presence of electrostatic charge. The standard deviation of the 
"effective" pore size distribution is increased with increasing charge 
as shown by Equation (5-8). 
CHAPTER VI 
APPLICATIONS AND EXTENSIONS OF THE RESEARCH 
. . i' T ~ ' Mt1tn:..:Pa.s~ Te~t Infi'U:eiice' 
It has b'een suspected that :the results of a "standard" multi-pass 
filtration performance test (27) on a hydraulic filter .can be influenced 
j 
by electrostatic charge effects. The results of this investigation 
certainly confirm these suspicions by illustrating the improvement in 
particle separation characteristics which can be obtained with electro-
static charge influences. Because of these effects, the multi-pass 
method as it is now written can not always be relied upon to give ac-
' 
curate and unbiased filtration performance data. Any user of the pro-
cedure could unknowing or "intentionally" influence the results by 
conducting tests under conditions conducive to electrostatic charge 
generation. Such conditions would be the use of new test fluid and 
operation in a low humidity environment. 
The results of this study revealed that the filtration performance 
of hydraulic filters is significantly improved under the presence of 
electrostatic charge especially when charge density levels exceed .. 
10-4 C/m3 immediately downstream of the filter. In terms of the filtra-
tion ratio, which is based upon cumulative-Particle counts, and is most 
familiar to the Fluid Power Industry, the improvement can be summarized, 
by Figure J7. The values plotted are the average five micrometre fil-
i 
tration ratios for the various conductivities utilized in the 
100 
14 
12 
10 FILTER A • 
B • 
c e 
D x 
8 
E • 
6 
4 
Equilibrium Conductivity, mho/m 
Figure 37. Conductivity Influence on Filtration Ratio 
102 
experiments. It can be seen from Figure 37 that as the conductivity is 
decreased, the filtration ratios increase. This is due to increased 
charge densities as shown in Figure 38. 
It•can be concluded from the data in Figure 38 that the charge 
levels for all filters was extremely low (less than 10-5 C/m3 ) when the 
·1·b · d t· ·t 1 - 10 / equi l rium con uc ivi y was 0 mho m or greater" Figure 37 illus-
trates for conductivities above approximately 10-iO C/m3 that the fil-
tration ratios are essentially constant at some minimum value. The 
fluid equilibrium conductivity can easily be controlled by the addition 
of a conductivity improver addi t:i;.ve such as the ASA~ J or DCA-'±8 used in 
this investigation. With the ASA-3 additive, the conductivity can be 
-10 3 increased above 10 C/m for amounts in ex~ess of approximately twenty 
PPM by volume. 
It would be recommended from the results of this investigation th,at 
the multi-pass test meth?d of Reference (27) be modified to include the 
addition of ASA-3 additive to the test fluid by an amount in excess of 
20 PPM. The stability of the additive to perform over long periods of 
time is unknown; therefore, it would also be recommended that the 
l 
minimum amount of additive be added to the test system before each 
I 
filter evaluation. The experiments I . • • \conducted w1. th various rel at1 ve 
humidities in the surrounding enviroriment showed that the higher humiq-
ities have a tendency to reduce charge influences; however, humidity 
changes alone can not eliminate the electrostatic charge below a signifi-
level. Only in the presence of conductivity additives was this 
a~complished. 
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Filter Perfonnance Improvements 
The knowledge gained as a result of this investigation should be 
of help to filter designers in the improyement of their products. 
A study of the microscopic filter design parameters was beyond the 
scope of this study; however, the experimental results generally 
I 
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followed trends predicted by equations based upon theory which included 
filter design parameters. In general~ if a filter element can be 
designed to produce high electrostatic charge generation, a significant 
improvement in the particle separation characteristics could be expected. 
During actual operation of a hydraulic system, large electrostatic 
charge accumulations would be undesirable. There have been reported 
instances of hydraulic valve ~rosion due to internal static discharges. 
According to the theory for charge dissipation developed in Chapter III, 
large charge accumulations are unnecessary if flow rates are maintained 
relatively low and the reservoir volume is large. 
A typical situation which would increase hydraulic filter perfor-
mance in an operating system would be to locate the filter in the return 
line upstream of the system reservoir. Operating with a low conduc-
tivity fluid would then create localized charging within the filter 
which should be dissipated within the reservoir~ if it is well grounded, 
before the fluid reaches any critical components in the system. The high 
charge level encountered at the filter should increase the separation 
performance, yet the charge would cause no damage to the remainder of 
the system. 
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Recommendations for Further Study 
This investigation has resulted in a great deal of' valuable 
information relative to the performance of hydraulic fibrous filters 
with electrostatic charge influences. In order to continue the advance-
ment of this field, the following related investigations are recommended 
for future study: 
1) Further e:xper:imentation should be conducted to determine the 
! 
degree of influence of even higher charge generations than 
were used in this study. Thf.e dt!gree of improvement of fil-
tration characteristics appears to be nnlim:ited :if charge 
levels are of sufficient magnitude. 
I 
2) A continued thrust should be made into the determination of 
filter performance in tenns compatible with filter media design 
specifications •. The :influence of various media parameters 
such as fib_er size, material, and thickness should be evalu-
ated in terms of their contribution to electrostatic charge 
generation and filtration. 
J) An investigation of the dynamic retention characteristics for 
filters utilizing the electrostatic charge capture mechanism 
is an important extension of the current study. It is known 
that when subjected to cyclic or unsteady flow, many hydraulic 
filters have a tendency to retain less particulate contamina-
ti.on than under steady flow conditions. The ability for a 
filter to retain particles captured by electrostatic forces 
is a necessary area of investigation. 
Lio) Finally, in order to maintain the wide acceptance and 
106 
confidence that industry is gaining in the multi~pass test 
method, it is suggested that the recommendations made in this 
study be implemented as soon as pos~ible. Furthermore, 
additional experiments should be conducted to determine the 
stability of fhe ASA-J additive, the applicability of other 
additives such as DCA-~8, and the influence of other hydraulic 
fluids. 
CHAPTER VII 
SUMMARY AND CONCLUSIONS 
Summary 
Electrostatic charge forces have long been recognized as a major 
factor in aerosol filtration. It was generally thought however that 
such forces were not of significance in hydraulic filtration due to the 
much higher viscosity and drag forces created by the surrounding fluid. 
It was recently discovered through continued use of the standard multi-
pass hydraulic filter evaluation method (27) that, under specific 
conditions, electrostatic charge generation was high and filter 
performance was changed. 
The original objectives of this investigation were to examine, 
. ! both theoretically and experimentally, the charge generation and accumu-
lation characteristics of a recirculating filtered hydraulic-system. In 
addition, the influence of this electrostatic charge upon filter per~ 
formance was to be studied. 
A thorough literature survey revealed a large magnitude of .published 
information relative to the generation of electrostatic charge by fueling 
svstems. None of these studies were directly applicable to recirculating 
type systems as encountered in the hy~raulics field. A generalized 
charge relaxation and accumulation law was derived and experimentally 
verified for a mul ti-pasi:; filter test ,facility. E:>.."Periments were con-
ducted to determine the various effects of fluid conductivity, fluid 
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additives, particulate impurities, relative humidity, and flow rate. 
In order to determine the influence of electrostatic charge on 
filter performance parameters, a log-normal was proposed for describing 
filter efficiency. The efficiency distribution function can be thought 
of a:s an "effective pore size" distribution. A total of thirty-nine 
filter tests were conducted to determine the effects of electrostatic 
charge on these filter performance parameters. The results indicated 
that the separation efficie~cy was almost always increased with in-
creasing charge. Empirical equations based upon theoretical developments 
and test results were proposed for predicting the influence of electro-
static charge on the geometric mean particle size and geometric standard 
deviation which appear in the log-normal filter model. 
Conclusions 
From the research investig<ltion described in the preceding chapters, 
a number of conclusions can be made. The following list summarizes the 
major accomplishments and conclusions: 
1) A generalized model for the accumulation and relaxation of 
electrostatic charge in a recirculating system was developed to 
include concepts from both the exponential and hyperbolic re-
laxation lawsa 
2) Experimental results confirmed the accuracy of the charge 
l 
accumulation model and demonstrated that neither, the exponential 
nor hyperbolic relaxation laws proposed by other investigators 
are applicable to hydraulic recirculating systems. 
J) Log-Normal filter efficiency models were proposed for repre-
senting the particle separation characteristics of a hydraulic 
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filter. Graphical techniques for determining the parameters of 
the model ¥ere presented. It can be concluded that in general 
the filter element separation performance can be modeled 
according to a log-normal distribution function, especially for 
separation efficiencies above ten percent. 
~) Experiments were conducted to determine the various inter-
actions between, electrostatic charge ~en~ration, fluid con-
ductivity 1 surrounding environment relative humidity 1 particu-
late contaminants, and the addi~ion of fluid conductivity )_ 
improver additives. The results show that although each 
parameter has some influence on charge generation, the conduc-
tivity additives have a much broader and predictable effect. 
5) Experimental evaluations were performed to determine the 
influence of electrostatic charge upon the apparent contaminant 
capacity of hydraulic filter elements. Although slight trends 
towards increasing capacity with increasing charge were noted, 
no significant conclusions can be drawn. 
6) The influence of electrostatic charge upon the filter particle 
separation characteristics was determin~d experimentally. It 
can definitely be concluded that electrostatic charge forces 
can become a dominant factor in hydraulic fluid filtration by 
fibrous filters·. The particle separation characteristics are 
improved as electrostatic charge densities are increased~ 
7) Based upon theoretical concepts and the experimental results, 
empirical equations were developed to model the particle 
retention characteristics as a function of charge density and 
particle size. It can generally be concluded that in multi-pass 
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type hydraulic systems, the contaminant particles act as if 
they were unchargedo The empirical equations developed show 
that particle retention (due to electrostatics alone) increases 
with increasing charge and increasing particle size. 
8) Utilizing the log-normal model proposed for the filter 
efficiency or "effective pore size distribution," empirical 
equations were developed to show the effect of electrostatic 
charge~. Although the precise characteristics appeared to be 
f 
somewhat a function of the undetermined filter design parameters 
it can be concluded that generally the geometric mean diameter 
r 
is reduced and the geometric standard deviation is increased/ 
with increasing charge levels. 
9) Recommendations were made for modifying the "standardll multi·-
pass filter test method by including the addition of a minimum 
of twenty parts per million conductivity additive to the test 
system fluid before performing a test. This will increase the 
conductivity and thus reduce the ch~rge generation below sig-
nificant levels. 
10) The general methods developed herein should prove to be useful 
tools for extended research in filtration mechanics and fluid 
power system contamination control~ 
( :l ) 
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APPENDIX A 
MULTI-PASS HYDRAULIC FILTER TEST FACILITY 
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All filter tests which were performed as a part of this res~arch 
investigation were conducted utilizing the multi-pass test facility 
shown in the photograph in Figure 39. The hydraulic system can be 
illustrated in a simplified manner as shown in Figure 40. A detailed 
circuit schematic showing all components is presented in Figure 41. 
The main filter test system was essentially composed of a reservoir 
hydraulic gear pump and circulating system with controls for temperature 
and flow rate. The facility was constructed of nearly all metallic 
components including lines and fittings. The tubing in the test circuit 
had a nominal size of 2.54 cm (1 inch) with an inside diameter of 
2.21 cm. Thus the cross sectional or flow area of the tubing was 
-4 2 J.84 x 10 m • The approximate lengths of lines for the test circuit 
are shown in Figure 4o. 
The contaminant injection system consisted of a reservoir 9 pump, 
and appropriate controls~ During testing the injection contaminatio:r.:1 
level may be extremely high (several thousand mg/l concentration); 
therefore, the injection pump was a centrifugal type which has been 
found to be relatively insensitive to contaminant. The primary purpose 
of the injection circuit was to maintain a uniform contaminant suspen-
sion with a constant particle size distribution. This contaminant 
slurry is injected into the main filter test system during a complete 
multi-pass test. 
In addition to the test and injection. systems, the multi-pass 
facility also consisted of a contaminant clean-up system. The function 
of the clean-up system was to clean the system fluid to the required 
_/ 
contamination level prior to conducting a test. The clean up filters 
utilized had an average filtration ratio of 10 micrometres in excess of 
Figure J9. Experimental Set-Up for Electrostatic Charge Tests 
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Figure ~1. Detailed Multi-Pass Test Circuit Schematic 
500 which corresponds to a cumulative efficiency of 99.8%. This high 
filtration ratio resulted in shorter clean up times between tests. 
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A transparent plastic enclosure was constructed to completely house 
the multi-pass test facility as well as the electrostatic measurement 
~pparatus. This enclosure allowed the environme~tal conditions sur-
rounding the test facility to be accurately controlled. Relative 
humidity was controll~d by an automatic humidifier and de-humidifier 
and temperature was controlled by an air conditioner and heater as 
required. Relative humidity measurements we,re made with a Beckman 
1'1Humi-Chek11 solid state relative humidity jndi cator as well as with a 
sling psychrometer. The variation between the two measurement devices 
was generally less than 10%; however, the calibrated Beckman instrument 
readings were reported in the datla. 
APPENDIX B 
MULTI-PASS HYDRAULIC FILTER TEST PROCEDURE 
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The standard multi-pass test method (27) utilizes the test facility 
described in Appendix A for evaluating the filtration performance 
characteristics of a hydraulic filter. The name "multi-pass" was 
derived from the most characteristic feature of the test ~ the recir-
culation of the contaminant which permeates through the filter. In 
addition to the "multi-passed" contaminant, a fresh amount of contam-
inant is continually introduced into the reservoir from the injection 
system. The contaminant injection is continued until the filter 
pressure differential has increased above a predetermined level called 
the terminal pressure dropo 
The multi-pass test was developed in order to simulate an actual 
operating environment as closeJy as possible while still rnaintai~ing 
repeatability and reproducibility characteristicsa AC Fine Test dust 
J 
(commercially available from the AC Spark Plug Di vision of General 
Motors Corporation) is utilized as the test contaminant. This test dust 
was chosen to simulate actual contaminants found in operating systems 
and beca~se of the consistency of the dust from batch to batch. 
The contaminant injection is made in a slurry form at a flow rate 
generally in the range of 0.25 - Oo50 ml/min. The injection rate 
' -
expressed in milli-grams/minute is determined such that the theoretical 
contamination level upstream of the filter is 10 mg/l. The 10 mg/l 
level is an arbitrary number selected to improve test repeatability. 
The injection rate can be calculated as follows~ 
Injection Rate (mg/min) (10 mg/1) x (Filter flow rate, 1/min) 
The volume of fluid (Mil-H-5606 hydraulic :fluid) in the test system 
is set equal to one-fourth the filter flow rate (per minute) value. 
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Thus, a 40 l/min filter would be tested with a total circulating system 
volume of 10 litres. A continuous sample is removed from the system at 
a point downstream of the test filter. This downstream sample flow rate 
is set equal to the injection flow rate, thus the volume of fluid in the 
test circuit is maintained constant. Numerous tests as well as mathe-
matical analyses have shown that the contaminant removed by the down-
stream sample is insignificant for all practical test conditions and 
does not alter the test result~. 
During a multi-pass test, fluid samples are extracted from a turbu-r 
lent region both upstream and downstream of the test filter. The sample 
times are determined by the pressure loading characteristics of the 
filter such that they occur at designated predetermined pressure drop 
values. This helps to insure test repeatability. During the research 
effort reported in this dissertation additional samples were also 
. 
occasionally taken at predetermined intervals in order to allow a more 
I 
complete description of the filter performance throughout the life of 
the filter. 
The fluid samples from a multi-pass test are analyzed for particle 
size distribution with an aµtqmatic particle counter calibrated with 
AC Fine Test Dust per Reference (41). The particle counter utilized 
during this research investigation was a HIAC model~ PC-320 with twelve 
particle size ranges. All particle counts were determined on a cumula-
tive basis at 2, J, 5, 7, 10, 15, 20, 25, 30, 35, 4-0, and 50 micrometres. 
The primary :figure of' merit :for a hydraulic filter is the indicator 
of its ability to capture and retqin particles of contaminant. In a 
standard multi-pass test, this parameter is the filtration ratio defined 
as the.number of particles greater than a given particle size in the 
influent fluid divided by the number of particles greater than the same 
size in the effluent fluid. A filtration or "beta" ratio of unity 
signifies no particle separation while a high beta ratio means that the 
filter is removing a significant amount of contaminant. A beta value of 
two indicates a 50% cumulative efficiency as the downstream contamina-
tion level would be one-half of the upstream value. 
In addition to the filtration ratio, another important figure of 
merit resulting from the multi-pass test is the ACFTD capacity. This is 
the apparent c@ntaminant capacity of the filter when exposed to AC Fine 
Test Dust on a multi-pass basis. The ACFTD capacity is calculated by 
multiplying the injection rate (mg/min) times the test termination time 
(minutes) and is usually expressed in grams. The ACFTD capacity is 
referred to as an apparent capacity because it represents the amount of 
contaminant added to the filter system before plugging and not the 
amount retained by the filter. An extremely poor filter will generally 
exhibit a high ACFTD capacity because it is removing very little con~ 
taminanto Thus, the ACFTD capacity cannot alone be a useful merit 
parameter but should be reported with the filtration ratios. 
Some modifications to the standard multi-pass filter test method 
were made during this investigation as reportsd previously. However, 
the basic concepts and standardized test conditions were followed. 
The test results obtained as a result of this program should thus have 
a greater applicability to existing data from other laboratories and can 
be directly compared to other multi-pass test results. 
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During the course of this investigation, it was desired to conduct 
measurements of several electrically associated parameters - fluid 
•• J 
conductivity, dilectric constant, electrostatic charge density, and 
streaming current. Whenever possible, standard techniques were utilized; 
however., most measurements required modifications for the particular 
application. The following is a detailed summary of the measurement 
apparatus and techniques utilized in the study. 
Fluid Electrical Conductivity 
The electrical conductivity of a fluid is a measure of the discharge 
time of a capacitor which uses the fluid as a dielectric. The units of 
1 
conductivity are Om or mho/m. Because of the magnitude of the condvc-
tivity for many hydrocarbons, it is sometimes. expressed in units of 
picomho/m. The D. C. method was utilized in this investigation for 
measurement of conductivity. The procedure followed was generally in 
accordru1ce with ASTM D 1169-74 (42) which is actually a method for 
determining the specific resistance or resistivity (inveq;e of conduc-
tivity) of electrical insulating liquids. 
The conductivity cell utilized was a standard commercially available 
device manufactured by Balsbaugh Laboratories, Model No. LRC-1_. The cell 
has a nominal air capacitance of 50 pf, a 1.27 mm electrode spacing, and 
requires approxim5ltely 25 ml of fluid for measurements. The actual 
capacitance of the cell was measured with a Tektronix type 130 L~C meter 
to be 55.5 pf. Figure 42 is a photo of the cell in an assembled and 
disassembled configuration. 
The test procedure for measuring the conductivity of the test 
fluids was the following~ 
127 
Figure 42. Model LRC- 1 Liquid Reference Cell 
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1) Clean the test cell with petroleum ether then allow to dry. 
2) Check·the resistivity of the cell with air as the dielec~ric 
to insure adequate cleaning and drying. 
3) Add 25 ml of liquid to be tested. 
4) Apply.a constant DC voltage equal to 100 V across the cell 
electrodes. 
5) Measure and record the current after two minutes have elapsed. 
6) Calculate the resistivity by dividing the measured amperage 
into 100 V and multiplying by the cell constant. 
7) Calculate the conductivity by taking the inverse of the 
resistivity. 
The cell constant expressed in metres was calculated in accordance with 
AS1M 1169 by multiplying the cell capacitance with air as the dielectric 
i 
times 0.113. Thus the cell constant for the model LRC-1 cell utilized 
was 0.113 x 55.5 = 6.27 m. The voltage and current measurement were 
performed with a Keithley model 610C solid state electrometer. The 
14 
electrometer has an input resistance of greater than 10 ohms and an 
-15 
offset current of less than 5X10 amperes~ A large number of tests 
were conducted on fluid samples with various conductivities in order to 
refine the test method for obtaining highest repefitability. 
,J 
Fluid Dielectric Constant 
The dielectric constant of the MIL-H-5606 hydraulic fluid was 
measured with the Balsbaugh reference cell utilized for the conductivity 
measurements. The AS1M D 924 procedure (43) was generally followed when 
making the dielectric measurements. The dielectric constant of a liquid 
is determined by dividing the capacitance of the test cell with the 
129 
liquid as the dielectric by the capacitance with air as the dielectric. 
The capacitances were measured with the Tektronix L-C meter. The 
dielectric constant for MIL-H-5606 hydraulic fluid was measured to be 
1.79 and did not vary significantly under the presence of anti-static 
additives. 
Electrostatic Charge Density 
A most important measurement taken during this study was the 
electrostatic charge de,nsi ty in the liquids. The AS'IM D 2679 procedure 
(414) for measuring electrostatic charge was generally followed during 
the testing. A Faraday cage was constructed as illustrated in Figure 43 
with two concentric stainless steel containers. The volume of the 
inner container utilized was 425 ml. The measured capacitance of the 
Faraday cage was 205 pf with the line and electrometer adding an 
additional 120 pf. For high charge measurements, two additional shunt 
capacitors were utilized with values of 0.018 and 0.10 pf. 
The test procedure for measuring electrostatic charge density in 
the fluid consisted of the followingg 
1) Clean Faraday cage and dry thoroughly. 
2) Select appropriate shunt capacitor if required and connect 
into circuit. 
J) Zero, then open the: electrometer in the voltage mode. 
4) Insert the fluid sample to the designated level in the inner 
container (425 ml). (This was accomplished by opening a 
sample valve on the test stand and allowing fluid to flow 
into the container at a rate of approximately 5 l/min.) 
5) Measure and record the voltage on the electrometer as soon as 
~ 10.2 cm DIAMETER ~1 
OUTER ELECTRODE 
13. 5 cm 
.018µ. F 
TEFLON SUPPORTS 
Figure 4J. Faraday Cage for Electrostatic Charge 
Measurements 
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ELECTROMETER 
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the sample is inside the container. 
6) Calculate the electrostatic charge density by the following 
! 
relationship: 
c Charge Density.' 3 
m 
(total c2pacitance:, ,farads) x (v'bli:age, Vblts) 
.·~ Fluid Volume (nij) 
When the relative humidity o'f t.he surrounding atmosphere was less than 
approxi.mately 50%, the voltage reading was extremely stable for a period 
of several seconds and was independent of the fluid sample flow ratee 
However, with high relative humidities in the order of 80%, the charge 
decay.was much more rapid 'and accurate readings become more difficult 
I 
to measure. To maintain maximum repeatability, the voltage reading was 
recorded as quickly as possible after the sample .flow was. stopp.eq. 
A high sample flow rate (approximately 5 litres (minute) was also 
utilized to minimize charge relaxation during the sample period. 
Streaming Current 
In order to measure the streaming current generated across the 
test filter during the flow of fluid through it, electrodes were 
inserted in the test' line upstream and downstream of the filtere The 
current flowing between the two electrodes,was measured with the 
Keithley electrometer. The test set-up was as illustrated in Figure 44. 
The electrodes were constructed of 10 mesh stainless steel screen 
approximately 5 cm in diameter. The electrodes were supported and 
I 
electrically isolated from the remainder of the test system by Teflon 
I 
supports as illustrated in Figure 4A. 
With this test set,µp~ high acc~racy in the streaming current 
measurement was not possible. Because the lines connecting the'inlet 
r- 0.5M I 
ELECTROMETER 
~ TEFLON SUPPORTS 
10 MESH STAINLESS STEEL GRID 
Figure 44. Set-Up for Measuring Streaming Current 
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and outlet of the filter and also the filter housing were electrically 
conductive, a portion of the current generated was probably shorted 
back to the upstream side of the filter assembly. Readings were taken, 
however, in order to find a relative determination of the current mag-
nitude, its sign, and changes in current with respect to other operating 
variables. Figure 45 gives a relative indication of the streaming 
currents measured during this investigation. The data shown in Figure 45 
-12 
were taken with a fluid conductivity of 3.4 x 10 mho/m. 
~ 
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Streaming Current ( 10-s amps) 
Figure 45~ Typical Streaming Current Measurements With Varying Flow Rate 
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FILTER 
CHARGE ACCUMULATION DATA SUMMARY 
FLOW RATE<LIMIN+) 
. 
----------------------------------------------------------------
SD 
A SX 
R 
SD 
B SX 
R 
-SD 
c sx 
R 
SD 
D SX 
R 
19.0 
1+37E-02 
1+ 10E-05 
1.25Et03 
1.4BE-02 
8.20E-06 
1.80Et03 
2.02E·-02 
7.SOE-06 
2.69Et03 
1.59E-02 
8.30E-06 
1.92E+03 
SD 9.90E-04 
E SX 6.90E-06 
R 1.43E+02 
SD 2.29E-03 
F SX ~.40E-06 
R · 2+44E+02 
38.0 
9+24E-03 
3.58E-05 
2.58Et02 
1.34E-02 
1.85E-05 
7.24Et02 
1.9:2'£-02, 
3.36E-05 
S.71Et02 
1.61E-02 
2 .16E-05 
7.45Et02 
1.aoE-03 
1+68E-05 
1.07Et02 
3.0lE-03 
1.95E-05 
1.54Et02 
76.0 
1.09E-02 
2.51E-04 
4+34E+01 
1.36E-02 
3.0SE-04 
4.46Ef01 
1.92E-02 
3+42E-04 
5+61Et01 
1.52E-02 
2.22E-04 
6.BSE+Ol 
2.92E-03 
9.92E-05 
2+94E+01 
2.67E-03 
B+41E-·05 
3+17Et01 
CONDUCTIVITY = 3.4, MIL-H-5606r RH ~ 35.X 
SD = C/M**3' SX = CIM**3' R = SD/SX 
114.0 
1+17E-02 
1.SOE-03 
7.SOE+OO 
1.39E-02 
9.58E-04 
1.45Et01 
1.97E-02 
1.26E-03 
1.56Et01 
1+63E-02 
1 ·.27E..:03 
1.28Et01 
4.13E-03 
3.24E-04 
1.27Et01 
2.24E-03 
1.90E-04 
1+1BE+01 
151.0 
1+2BE-02 
2.01E-03 
6.37E+OO 
1.43E-02 
1.42E-03 
1.01E+01 
2.04E-02 
1+79E-03 
1+14E+01 
170.0 
1+34E-02 
2.37E-03 
5.65E+OO 
1+43E-02 
1.64E-03 
8.72Et00 
2.09E-02 
1. 96E·-03 
1.07E+01 
1. 661;:-0:Z _ ~ 1 .. 4~:-02 .. 
1.83E-OS 1~92E-03 
9.07E+OO 8~59Et00 
5+06E-03 
6.90E-Q,4 
7.33E+Q9 
2.14E-Q3 
2.85E-04 
7.51E+OO 
S~4SE-03 
B.37E-04 
6~51E+OO 
2.04E-03 
3.15E-04 
6.49Et00 
Fil ... TF.I;: 
B 
c 
[I 
E 
F 
!:)[I 
C"'V ~.), \ 
R 
SD 
sx 
r~ 
SD 
sx 
i:~ 
~m 
sx 
R 
SD 
sx 
R 
SD 
sx 
i:~ 
19.0 
:L.24E-02 
9. 90E--06 
1..25E+03 
1.12E-02 
8.30E--06 
1.35E+03 
1.65E-02 
·7 .50E-06 
2.20Et03 
B. n'iE·-·0:3 
8.20E····06 
1.07E+03 
4.0lE-03 
7. 90E··-06 
5.08E+02 
2+41E-03 
8.50E-06 
2+84E+02 
38+0 
8.99E-03 
2.48E-05 
3.63Et02 
t.01E····02 
1 • 1 8E·-·05 
5+10E+02 
1+53E-02 
2.01E-05 
7.61Et02 
9. 1 7E-o:3 
1.85E-05 
5.39F+02 
2 .67E·-·03 
1+81E··-05 
1.48Et02 
3. 45E·-03 
1. 70E··-05 
2 + 0:3Et02 
CHARGE ACCUMULATION DATA SUMMARY 
FLOW RATECL/MIN+> 
"76.0 
1+06E-02 
1.12E-04 
9.46Et01 
:L .08E··-02 
2+56E:·-04 
4.22E+01 
1.53E-02 
1. 92E·-04 
7.97Et01 
1.09E·-02 
1.48E·-04 
7.36E+01 
3+74E-03 
9. 1 OE ·-·05 
4+11E+01 
3.21E-03 
9+06E-05 
3+54E+01 
114+0 
1+22E-02 
1. 4 7E··-03 
s.3oE+oo 
1+16E··-02 
9.83E-04 
:I .• 18Et01 
1.65E·-02 
1. 27E·-03 
1.30E+01 
1.16E-02 
17 .49E-04 
1.22E+01 
4.76E-03 
4.40E-04 
1.0BE+01 
2. 80E··-03 
2.111:.-04 
1+33E+01 
151.0 
1.24E-02 
2.09E-03 
5+93E+OO 
1 +22E--02 
1 +55E·-03 
7.87E+OO 
1 +68E···02 
1.81E-03 
9+28E+OO 
1+24E-02 
1.42E-03 
8+73Et00 
5+47E-03 
8.07E-04 
6+"78E+OO 
2+41.F.····03 
3.:L9E-04 
7.55E+OO 
CONDUCTIVITY - 4.9, MIL-H-5606r RH = 55.X 
SD - CIM**3' SX - C/M**3' R = SD/SX 
170.0 
1.31.E-02 
2+22E-03 
5.90Et00 
1.24E-02 
1+73E-03 
7+17E+OO 
1.82E-02 
:I .• 98E-03 
9.19E+oo 
1+29E-02 
1.64E-03 
7+85E+OO 
5.59E-03 
9 .06E··-04 
6.t7E+oo 
2. 36E····03 
3.62E-04 
6+52Et00 
FIL TEI~ 
A 
B 
c 
[I 
E 
F 
SD 
sx 
F< 
SD 
sx 
R 
SD 
sx 
F< 
SD 
sx 
R 
SD 
sx 
R 
SD 
sx 
R 
19.0 
1. 02E··-02 
8 •:SOE ··-06 
t.20Et03 
H. ~)()E··-04 
7 • BOE--06 
1+09E+02 
6.32E-03 
6. 70E·-06 
9.43E+02 
2 .29E··-03 
6.90E-06 
3+32Et02 
1.36E-03 
6. 90E·-06 
1. <il7E+02 
2 .10E·· .. 03 
8. 40E··-06 
2+50E+02 
38.0 
8. 27E·-·03 
1+81E-05 
4.57Et02 
2. 92E·-03 
1. 5:tE·-05 
1.93Et02 
7+29E-03 
1. 60E····O:'S 
4.56Et02 
6.61E-03 
1. 64E·-05 
4.03Et02 
2. 21E-0:3 
1+51E-05 
1+46Et02 
3+28E····03 
l..68E-05 
1.95E+02 
CHARGE ACCUMULATION DATA SUMMARY 
FLOW RATE<LIMIN.> 
76+0 
1.05E··-02 
8.10E·-O::; 
1.30Et02 
5.25E-03 
6.04E-05 
8+69Et01 
9.72E-03 
:t. 60E·-04 
6+07Et01 
9.48E-03 
1.68E-·04 
5.64E+01 
3.21E-03 
6.6<.i>E-05 
4.80E+01 
3.06E-03 
4.46E-05 
6.86Et01 
114+0 
1. :l.4E··-02 
9. 27E·-04 
1.23Et01 
5.93E-03 
2.46E-04 
2.41E+01 
1+12E-02 
~5. :t8E·-04 
2.16E+01 
1.02E·-02 
5. 31E·-04 
1.9:~E+01 
4 • 25E-0:3 
2+46E-04 
1. 73E+01 
2+67E-03 
1.64E-04 
1+63E+01 
:t:s:t. o 
l.. 26E·-·02 
1.42E-03 
8.87E+OO 
6. 20E--03 
4.92E-04 
1.26E+01 
1.24E-02 
B.63E-04 
1.44E+01 
1+02E-02 
9. 40E·-04 
1+09E+01 
5.0lE-03 
4+92E-04 
1+02Et01 
2+11E-03 
2.50E-04 
8.44Et00 
CONDUCTIVITY - 7.6, MIL-H-5606, RH = 80.% 
SD - CIM**3' SX - C/M**3' R = SD/SX 
SUMMARY OF FILTRATION RATIOS 
DOWNSH:EAM. 
FIL TFR CHM GE !PARTICLE SI7FS INDICATED IN MICROMETERS! 
ID. C,001CIM**3l >2 >3 >5 >7 :)10 . )15 >20 >25 >30 
A 
A 2 
A 3 
A 4 
A 5 
A 6 
A 7 
A 8 
B 1 
B 2 
B 3 
E< 4 
B 5 
B 6 
B 7 
c 
c 2 
c 3 
D 1 
D 2 
[I 3 
[I 4 
[I 5 
D 6 
]) 7 
E 
E 2 
E 3 
E 4 
E 5 
f. 6 
E 7 
F 
F 2 
F 3 
F 4 
F ,, 
F 6 
F 7 
1o87E-04 
6.58E-04 
0.nE-04 
5.74E···03 
2.55Et00 
4.38Et00 
1.17Et01 
1.09E+01 
1, 4~iE-<>:"i 
1.76E-04 
2.14E-04 
2.45E-03 
1.87E+Oo 
3,31E+OO 
7.05E+OO 
5.74E-04 
5.96E··03 
1.92Et01 
2.83E-04 
4.21E-04 
6.66E-03 
7.65E-03 
1.19E-02 
2.93E+OO 
1.52E+01 
1.21E-04 
1.45E-04 
1.llE-03 
1.26E·-03 
7, 04E·-03 
3.35E-01 
2.92Et00 
9.18E-0!5 
7.76E-04 
1.09E--03 
1.15E-03 
1,19E-03 
3.821'>-0l 
2,67E+OO 
1.21 
1. 1~3 
1+24 
1 +09 
1+17 
1.39 
1.85 
2.67 
l. ()9 
1.19 
1+21 
1.08 
1 .:l 9 
1.21 
1+30 
1.04 
1.06 
1 +67 
l .19 
1.29 
1+29 
1+66 
1.33 
1.93 
3.36 
1.01 
1.03 
1.03 
1..04 
1.04 
1.06 
1.09 
2+63 
2.09 
3.08 
2.10 
2+87 
3,97 
4.22 
1.40 
1.27 
1.40 
1.17 
1.31 
1.64 
1.96 
3.38 
1+l5 
1.31 
1.34 
1.15 
1.32 
1.37 
1+52 
1.05 
1.07 
1.so 
1.43 
1.67 
1+63 
2+54 
1.73 
3.14 
5,55 
1.01 
1,03 
1.05 
1+05 
1.06 
1.07 
1.11 
~i.03 
3,72 
6.16 
4.03 
5.91 
10.31 
9,48 
1. 7~) 
1. 5:L 
1+75 
1.36 
1.64 
2.08 
2,43 
4.63 
1. 31 
1.58 
1+59 
1 ,31 
1.60 
1.72 
1. 91 
1.06 
1.07 
1.94 
2+15 
2+62 
2.56 
4.27 
2.98 
6.39 
9.82 
l .02 
1.04 
1.06 
1.06 
1.08 
1.10 
1.14 
1t .42 
8.53 
14.37 
9.88 
:1.3.70 
:32+26 
21.81 
FLOW RATE FOR Al - A7 WAS 114 L/MIN, 
FLOW RATE FOi'< OTHERS WAS 76 L/MIN, 
TEST FLUTD: MEL - H - 56061 38C 
2.68 
2.23 
2.62 
1.86 
2+50 
3.19 
3,42 
7.62 
1.74 
2.30 
2.28 
1.77 
2.38 
2+72 
3.57 
1.09 
1.10 
2.21 
4,34 
4,94 
5,79 
8.40 
7.52 
15.26 
18.20 
1.02 
1.07 
1.08 
1.09 
1.10 
1.14 
1.19 
5.22 10.07 
4.28 16.59 
5.17 22.2·1 
3.24 11.16 
4.86 1.3.05 
6.37 23.46 
5.41 8,47 
13.22 19.39 
3.01 9.12 
4.39 14.:31 
4+25 15.85 
3.19 9,43 
4.84 19.02 
5.98 31.03 
7.20 26.95 
1.15 
1.15 
2.69 
8.36 
7.48 
16.33 
12+50 
11.56 
26.61 
27.24 
1.06 
1.13 
1.14 
1.14 
:L.17 
1. 2~3 
1.28 
1,44 
1.44 
4.16 
13.33 
8.33 
40.13 
13.98 
13.67 
33.99 
29.94 
:l +2:3 
1.36 
1.36 
1.36 
1.46 
1+59 
1.68 
40.99 49.34 
48.96 79.:56 
59 .89 78. 7'1 
21.36 26.03 
17.61 17.14 
48 .02 47.13 
10.10 13.62 
20.15 24.11 
46.97 
81.83 
64.87 
20.18 
17+63 
43+65 
14.34 
42.72 
15.40 15.87 15.25 
24.58 28+21 27+19 
35,34 45.72 43.81 
12.83 14.39 13.84 
46.82 51.65 47.52 
99.83 117.49 143,95 
37,94 40.73 55.64 
2.22 
2+53 
5.92 
14.28 
8.52 
45.68 
14.71 
15.06 
37.15 
32.51. 
1.88 
1.96 
1.78 
1.84 
2+27 
2.68 
2.72 
3.93 
4.67 
7+56 
14.72 
7+87 
48.15 
16.10 
12.?0 
37.68 
32.17 
3+45 
3.46 
2.83 
;?..60 
2.56 
5+04 
5.41 
8.58 
11.00 
10.38 
14.78 
7.09 
4:3,51 
17.26 
:LO .37 
33.11 
33.04 
5,74 
5.67 
4.16 
3.93 
3.67 
11.84 
10.82 
23.38 27.80 29.20 52.27 68.46 
25.28 63.67 106.16 119.12 142.09 
34.61 57.68 76.23 90.80 127.16 
23.14 34.56 40.74 49.62 73.89 
45.19 147.07 348,61 379.58 394.65 
95.45 179.54 183.37 238.03 307.82 
48.64 75.15 91.12 128.46 154.47 
88.97 
137.33 
139.83 
84.80 
536.87 
368.50 
143.91 
'>35 
38.88 
73.26 
76.20 
15.86 
15.62 
40,90. 
16.06 
51.76 
11.83 
25.01 
34.07 
12.56 
46. 6~' 
104.'13 
60,87 
18.81 
29.31 
10.31 
1.3.87 
6,63 
44.48 
14.97 
11. 34 
33.46 
32.20 
10.59 
10.43 
l.i.99 
5.06 
4.1:1. 
23+20 
21..67 
93.28 
1.62.96 
166.60 
107.70 
461.32 
369.59 
107.44 
>40 
41.73 
~50. 84 
67.13 
1~.L83 
12.76 
37.'73 
12.62 
58 .5·7 
8.34 
23.34 
30.87 
12.48 
44. cr2 
89.34 
591B9 
37.91 
27.09 
10.44 
11.99 
5.37 
42.04 
14.55 
t 1.14 
J~j. 50 
33.83 
9.62 
12.96 
7.~56 
5.64 
3,94 
57.36 
28.34 
112. ·75 
1.14.52 
198.79 
102.82 
395.67 
425.08 
103.52 
>50 
34.37 
:36. 54 
70,87 
14.26 
16.21 
36.75 
14.85 
50.75 
10.42 
20.71 
28.75 
16.01 
30.17 
40.30 
7:L.38 
***** 
33.23 
a.22 
12.61 
5.64 
32.94 
12.11 
9,76 
27.89 
29.37 
7.19 
18.17 
5*93 
5.59 
3.18 
115.46 
:"!:L. 04 
186.93 
123.04 
3:37 .00 
152.40 
329.29 
****** 
169,19 
SUMMARY OF AVERAGE RETENTION RATIOS 
DOWNSTREAM 
FILTER CHARGE <PARTICLE SIZE INTERVALS INDICATEn IN MICROMETERS) 
lD. <.001C/M**3> 2-3 3-5 5-7 7-10 10-15 15·-20 20 .. ~25 25·<3() 3o~-·:.~s 35·-40 40-50 >50 
A 1.87£-04 1.06 1.20 1.44 2.04 3.98 12.27 34,33 53. 71 68.25 32.34 52.55 34.37 
A 2 6.58£-04 1.06 1.14 1.30 1. 78 3.32 10.96 33.33 76.68 96.37 238.29 78.66 ;fo.54 
A 3 8.72£-04 1,09 1.21 1.45 2.00 3.89 14.39 47.36 121.29 5:5. 23 tot. 26 67.12 70.87 
A 4 5.74£-03 1.03 1.08 1.21 1.54 2.60 0.21 18.?0 39.91 30.116 14.95 16.26 14.26 
A 5 2.55Et00 1.04 1.15 1.38 1.94 3,94 10.82 18.03 11.). 61 22.04 26.51 10.46 16.21 
A 6 4.38E+OO 1.18 1.36 1.67 2.37 4,77 16.30 48. 73 5;3,94 49.36 49.56 36.99 36.75 
A 7 1.17£+01 1.72 1.67 2+03 2.74 4,71 7.27 7,95 12.84 ll..49 28.38 10.46 14.85 
A 8 1.09E+01 2.02 2.49 3.26 5.46 10.78 18.3t. 1'7.32 15.47 47.64 43.83 64.85 50.75 
B 1.45E-05 1.04 1.00 1.18 1.46 2.44 6.94 14.96 l.7 .04 27.23 ;33,57 7.03 10.42 
B 2 1.76£-04 1.06 1.15 1.34 1.81 3,41 10.66 21.37 29.72 31.30 29.52 26.16 20.71 
B 3 2.14E-04 1.08 1.18 1.36 1.82 3.29 10.86 28.31 47.00 60.65 42.56 36.59 213,75 
B 4 2.45E-03 1.03 1.07 1.18 1.47 2.61 6.53 11.36 15.18 16.37 12.50 10.56 16.01 
B 5 1.87E+OO 1.07 1.17 1.36 1.05 3.69 12.52 42.18 56.34 51.48 51.36 80.43 30.17 
B 6 3.31E+OO 1.06 1.16 1.42 2.04 4.JS 19.32 85.82 90.23 299.48 123.51 449.98 40.30 
B 7 7,05Et00 1.09 1.27 1.47 2.71 S.45 21.58 35.21 29.4() 48.97 61. .65 53 .14 11.;m 
c 1 :>.74£-04 1 ;03 1.04 1.05 1.06 1.11 l .27 1.82 2.27 5.09 9. 77 lB.41 ***** 
c 2 5.96£-03 1.05 1.06 1.06 1.08 1.10 1.23 1.93 2.90 5.85 33.a~; 22.31 3:3.23 
c 3 1.92Et01 1.50 1.64 1,75 1.96 2.34 3.52 5.01 5.69 10.40 1 :t .• 02 12.32 a.22 
D 2.83£-04 1.06 1.21 1.67 3.18 7.01 12.54 13.6/ 14.5~i 15.A2 19.B2 11.41 t:?. 61 
D 2 4.21£-04 1.00 1.34 1.99 3.86 7.06 8.16 9.43 9.21 7,73 l.0.16 5.14 5.64 
D 3 6.66£-03 1.04 1.25 1.83 3.86 12.50 36.43 43.36 56.10 42.85 48.26 55.7B 32.94 
[I 4 7.65£-03 1.20 1.83 2.99 6.44 11.79 13.38 13.31 1'l. 70 22.33 t:o.47 :t./.35 12.11 
D 5 1.19£-02 1.07 1.29 2.13 5.82 10.66 1 l.85 17. ~j1 15.00 5.81 u .72 12. 6,3 9.76 
D 6 2.93E+OO 1.36 2.06 .. 4.14 10.88 23. 71 31.64 36.69 48.33 31.32 30.:w 45.10 27.89 
D 7 1.52£+01 2.13 3.52 6.63 13.81 25.93 27.99 32.88 30.84 34.63 29.39 36.62 29,37 
E 1 1.21£-04 1.00 1.01 1.01 1.01 1.03 1.11 1. 50 2.52 3.69 11. ~;5 9,47 7.19 
E 2 1.45£-04 1.01 1.02 1.03 1.04 1.10 1.23 1.55 2.37 3.31 6.64 9.59 iB.17 
E 3 1.11£-03 1.00 1.04 1.04 1.06 1.11 1.25 1.45 2.16 2.60 6.01 9.55 5.93 
E 4 1.26E-03 1.02 1.04 1.04 1.06 1.10 1.25 1,59 2.00 ;3.11 4,59 5.63 5.59 
E 5 7.04£-03 1.03 1.04 1.06 1.08 1.12 1.29 2.09 1.89 2.73 3.81 s.:rn 3.18 
E 6 3.35£-01 1.03 1.05 1.07 1.10 1.17 1.36 2.04 3.10 6.57 J.2.90 41.80 115. 46 
E 7 2.92E+OO 1.04 1.09 1.11 1.15 1.22 1.46 2.oi 3,45 6.44 16.06 20.90 51.04 
F 1 9.18£-05 1.54 2.92 7.42 20.27 27.10 21.51 42.08 53.08 81.12 7~5.84 83.06 186.93 
F 2 7.76E-04 1.28 2.21 5. 13 16.14 52.28 97.25 101. 34 148.65 113.40 566.86 1013.42 123,()4 
F 3 1.09E-03 1.73 3.53 8.85 24.87 50.60 66.72 68.07 108.96 110.72 128.'.'il 141.27 337.0B 
F 4 1.15E-03 1.27 2.35 6.20 17.57 31.92 35.34 36.13 62.31 62.?.9 11q.76 82.26 152.40 
F 5 1.19E-03 1.45 3.48 7.90 27.06 110. 21 324.62 364 .14 274 .13 /42.78 403.44 1028.46 329.29 
F 6 3.82£-01 1.96 5.19 18.53 65.45 177.66 154.11 191.48 249.11 ;373, 23 3()(), :31 225.77 ****** 
F 7 2.67E+OO. 2.25 5.25 13.61 36.38 68.73 73.21 109 .18 174.61 306 ,f,() li~j.5~)- 73.59 169.19 
FLOW RATE FOR Al - A7 WAS 114 L/MIN. 
FLOW RATE FOR OTHERS WAS 76 L/MIN, I-' 
TEST FLUID: MIL - H - 5606. 38C 
HO-
0 
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